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ABSTRACT 
Bioactive, plant-sourced feed additives for use in animal diets appeal to consumer 
demand for ‘naturally-raised’ animal products. Alfalfa offers a source of potential 
nutraceuticals attributed to its membership in the legume (Fabaceae) family, which has 
been associated with benefits in human and animal health. As a forage, alfalfa contains a 
high amount of indigestible, insoluble fiber which typically limits its use in non-ruminant 
livestock diets, as these animals lack the fermentative capacity to extract adequate energy 
from high-fiber diets. This has created a niche for examining feeding strategies to 
maximize alfalfa-associated benefits without the limitation of fiber. Extracts provide a 
simple approach to this issue and have been shown to have health-promoting effects in 
swine and poultry.  
Phytochemical literature is characterized by broad examination into extracts from 
a multitude of plant sources, contributing to limited insight into functional benefits. In 
alfalfa literature, focus on one supplementation form (whole plant or extract) is combined 
with a lack of reports that address changes to phytochemical and nutritional profiles 
between cuttings within a growing season, despite later cuttings being anecdotally linked 
to improved health. Livestock studies are limited to general descriptions of performance 
and overall health but rarely address underlying changes to the immune system and 
intestinal microbiota. Thus, the objectives of this thesis were to use a well-characterized 
mouse model to descriptively assess changes to overall health, immunity, and 
composition of the intestinal microbiota in response to supplementing ground hay, water-
, and lipid-soluble extracts from early (1st) and late (5th) cutting alfalfa at both a healthy 
and challenged state.  
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The first step in the process of accomplishing this objective was to implement and 
optimize methods for preparing water- and lipid-soluble extracts (Chapter 2). Once 
methods for extraction were selected, these compounds were supplemented in mouse 
diets and fed over the course of a 35d trial, which was divided into a 14d feeding 
enrichment period to understand baselines in healthy animals, followed by challenge with 
Citrobacter rodentium and a 21d recovery period  to understand the effects of alfalfa 
during pathogen challenge. The results of this trial are split into chapters examining 
overall health outcomes including body weight (BW), feed intake (FI), and colon 
histomorphology (Chapter 3), the immune response (Chapter 4), and alterations to the 
intestinal microbiota (Chapter 5).  
The results of this study suggested that changes to the host immune system and 
intestinal microbiota due to alfalfa supplementation did not alter BW and FI in healthy 
mice but contributed to variations in these parameters following infection with C. 
rodentium. In early timepoints of the infection period (2dpi), 5th cutting alfalfa had a 
protective effect on BW, while chloroform extracts from both cuttings increased BW 
over the control in the final timepoints of the study (Chapter 3). Underlying these 
responses, chloroform extracts contributed to a more pro-inflammatory immune 
environment prior to inoculation by increasing the percentage of IFN-g+ cells, while 
general alfalfa supplementation had a proliferative effect on splenic lymphocyte 
populations. In early timepoints of infection, chloroform extracts increased the response 
time of IFN-g-producing innate immune cells, while 5th cutting alfalfa maintained 
elevated lymphocyte populations before recruiting these cells to peripheral tissues at 
14dpi (Chapter 4). In addition to immunological changes, alfalfa modulated the intestinal 
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microbiota prior to inoculation without impacting BW and FI. Following inoculation 
(4dpi), only 5th cutting chloroform extracts reduced abundance of Citrobacter rodentium 
while chloroform extracts from both cuttings increased the relative abundance of 
beneficial genera such as Akkermansia at later timepoints (21dpi; Chapter 5). Early 
responses by innate immune cells in 5th cutting chloroform extracts combined with 
decreased pathogen abundance may have been underlying protective effects on BW at 
early stages of infection, while increases in beneficial members of the microbiota by 
chloroform extracts may have contributed to improvements in final BW.  
 The work presented in this thesis utilized different cuttings and supplementation 
forms as a comparative approach to dissecting the beneficial impacts of alfalfa in healthy 
and pathogen-challenged mice. In healthy animals, BW and FI did not differ between 
treatments despite varying changes to the splenic immune cell profile and colon 
microbiota attributed to alfalfa forms and cutting. During physiological stress (i.e. 
pathogen challenge), lipid-soluble extracts of late-cutting alfalfa enhanced the immune 
response and intestinal microbiota in a way that could be linked to improved BW during 
infection with a host-specific enteric pathogen (C. rodentium). These outcomes in a well-
characterized animal model (C57BL/6J mice) provide preliminary results to guide future 
livestock research to focus on lipid-soluble compounds enriched in later cuttings of 




LITERATURE REVIEW  
 
Introduction 
Plant extracts and phytochemicals offer a natural source of bioactive feed 
additives that are rooted in the use of herbal therapies in traditional medicines. Anecdotal 
reports from swine producers indicate a potential link between alfalfa supplementation 
and improved health of post-farrowing sows and piglets. A key factor anecdotally-
associated with alfalfa supplementation in non-ruminant animals relates to the increased 
benefits observed when late-cutting hay is fed compared to hay harvested at an earlier 
point in the growing season. The reasons for why this may impact animal health are 
unclear, as there is a deficiency in reports detailing compositional changes to the plant 
and its hay during the growing season. The use of alfalfa as a potential nutraceutical is 
not well-described in the literature; however, a number of purified compounds known to 
be found in the plant and similar components of other herbal therapies have documented 
benefits. These studies provide foundational knowledge to justify investigating the 
benefits of a plant previously associated with ruminant animal production.  
Plant-based feed additives encompass a number of compounds designed to 
improve immunity and promote the development of health-promoting communities in the 
intestinal microbiota (1). This, combined with growing interest in examining the 
interaction between the intestinal microbiota and the immune system, provides a niche 
for alfalfa-derived nutraceuticals in livestock feed (2). An important aspect to 
understanding the effect of diet on the interaction between the immune system and the 
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microbiome is understanding how the two interact with each other and the effects of 
dietary components on both systems individually. This review will discuss compositional 
changes to the nutritional profile of alfalfa, its utilization in livestock feed, the impacts of 
nutrients on the immune system and microbiome, how the two systems interact with each 
other, and the utilization of mice as a model.  
   
Alfalfa (Medicago sativa) 
Consumption of legumes (family Fabaceae) by both humans and animals is 
increasing in popularity due to a number of compounds found within these plants that are 
known to have health-promoting properties (3). Plants within this family include alfalfa, 
clover, peas, peanuts, and soybeans, all with varying degrees of prevalence in human and 
animal diets. Alfalfa is a perennial flowering plant largely utilized for animal feed with a 
history of use as a medicinal plant in humans (4, 5).  
 
Factors Influencing Nutrient Composition and Bioactive Components 
  Due to the perennial nature of the plant, alfalfa can be cut for hay at several points 
during the growing season where a number of environmental factors and harvest 
conditions can alter its nutrient composition. As alfalfa matures from early bud to late 
bloom, crude protein (CP) decreases (6-8), with no changes to gross energy (GE; 6), and 
increases in acid detergent fiber (ADF) and carbohydrate content (6, 7). In ruminant 
forage literature, the non-protein fraction of CP decreases with advancing stage of 
maturity in alfalfa, while unavailable protein increases (6). Both stage of maturity and 
time of cutting alter protein primary structures, which correlate with protein metabolism 
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in ruminant animals (8). Within the true protein fraction of CP, the amount of rapidly-
degradable protein increases with maturity while levels of intermediate and slowly-
degraded protein decreases (6). While maturity has no effect on carbohydrate fractions, 
time of cutting (afternoon vs. early morning) increases the amount of rapidly degradable 
carbohydrates (starch) in alfalfa (6, 7).  
 Phytochemicals and other compounds in alfalfa have potential nutraceutical 
health benefits. While there are a variety of potentially therapeutic compounds present in 
alfalfa, this review will focus on the saponins, phytoestrogens, and polysaccharides. 
Saponins are anti-nutritional triterpene glycosides with varying effects when fed to 
animals. In alfalfa, saponins are often measured as the aglycone precursors known as 
sapogenins, of which medicagenic acid, zanhic acid, and soyasaponin are found in high 
concentrations in alfalfa (9, 10). Older work reporting on the seasonal effects of saponin 
content have shown that total saponins in alfalfa increase from Spring to Summer and 
decrease from Summer to Autumn (11). More recently, it was found that differences in 
saponin content between harvest years may be the result of a more complex interplay of 
environmental factors (10).  
Phytoestrogens are polyphenolic compounds found in plants that have similar 
structures to estrogen and exhibit agonism with estrogen receptor (12). Classification of 
phytoestrogens is based on structural properties and biosynthesis, with the main classes 
being flavonoids, lignans, and stilbenoids (12). Flavonoids are enriched in legumes and 
subgroups within this class include isoflavones, flavonols, and coumestans (3, 12). The 
composition of these compounds varies between legumes, with alfalfa and its extract 
being found to have high amounts of quercetin, daidzein, apigenin, coumestrol, and 
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luteolin (5, 13). Concentrations of phytoestrogens are greatest during the early stages of 
plant development, with apigenin and coumestrol found in higher concentrations than the 
other phytoestrogens quercetin and luteolin, except during the flowering stage where all 
phytoestrogens are found in similar amount. Within the plant, concentrations of 
phytoestrogens are highest in the flowers with apigenin and quercetin being found in 
greater amounts than luteolin and coumestrol (13). In early-flowering alfalfa harvested at 
three points during the growing season, flavonoid concentration decreased between the 
first and second/third cuttings (14).  
Polysaccharides are carbohydrate polymers such as cellulose and starch that 
contribute to the cell wall structure and fiber content of plants. Non-cellulosic 
polysaccharides in plants have the potential for use as nutraceuticals due to a number of 
health-promoting properties. While the broad classes of these non-cellulosic 
polysaccharides have been identified and studied since the 1960s (15, 16), very little 
research has been done to isolate and analyze individual members of either the 
hemicelluloses or pectins in alfalfa (17, 18). As a consequence, research on their 
bioactive properties and changes in response to growing conditions have been done under 
the broad classification of alfalfa polysaccharides and fiber. Hemicellulose concentrations 
vary between strains and stage of maturity, with alfalfa at the full-bud stage of maturity 
having higher concentrations of hemicellulose than plants at the flowering stage (19). As 
alfalfa matures, cellulose concentration increases at the expense of pectic polysaccharides 
(20, 21). Fiber can be classified as either insoluble or soluble based on availability for 
fermentation by the intestinal microbiota. Insoluble fiber, such as cellulose or 
hemicellulose, is not easily fermented but will have the effect of slowing the rate of 
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passage through the gastrointestinal tract and allowing more time for microbial activity. 
In contrast, soluble fiber, such as pectin, is more available to microbial communities for 
fermentation (22). 
 
Use of Alfalfa in Animal Diets 
Due to its high insoluble fiber content, alfalfa has been predominantly utilized as 
a feedstuff for ruminant animals where the microbial communities in the rumen can 
ferment the indigestible carbohydrates to produce energy sources absorbed by the small 
intestine. In non-ruminant animals, this fermentative process occurs in the colon 
following nutrient absorption in the small intestine, rendering the beneficial products of 
fermentation largely unavailable to most monogastrics unless they practice coprophagy. 
As a result, high-fiber forages such as alfalfa hay in non-ruminant animal diets are used 
sparingly, creating a disparity in research on its beneficial effects in non-ruminant 
livestock such as poultry and swine.  
In poultry, alfalfa feeding is more prominently used as a molting diet in laying 
hens rather than growth-promotion in broilers. When provided as a low-energy feed 
alternative to total feed restriction to induce molting in laying hens, alfalfa improved 
production and bone health, decreased the presence of Salmonella enterica serovar 
Enteritidis in the organs, and did not alter peripheral immune cell counts when compared 
to unfed controls (23-26). Interestingly, inducing molt by feeding alfalfa improved 
heterophil function when compared to feed-restricted hens, but these benefits may be 
more related to food deprivation than to the action of phytochemicals in alfalfa (27). In 
laying-type ducks, feeding diets with 3-9% supplemental alfalfa did not alter bird 
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performance and was associated with beneficial changes to immunity and the intestinal 
microbiota (28, 29).  
While the low energy, low FI, and increased transit time in the gastrointestinal 
tract associated with high-fiber feed sources may be practical for inducing molt in laying 
hens, these qualities contradict the goals of broiler production. As a result, including 
alfalfa in the form of an extract allows for potentially beneficial phytochemicals to be 
incorporated in the diet without increasing the fiber content. This is supported by 
improved measures of immunity, oxidative stress, and fat deposition with no changes to 
performance observed in broilers fed diets with supplemental aqueous alfalfa extract (30, 
31). Alfalfa supplemented in the diet as a concentrate in turkey diets improved 
performance but did not alter immunity or total percentage of blood lymphocytes (32).  
Pigs are another non-ruminant animal in which alfalfa supplementation is being 
investigated. High levels of alfalfa (>15%) in the diet of pigs resulted in decreased 
performance during the growing period, but lower levels of supplementation improved 
performance (33, 34). These decreases in performance are associated with increased fiber 
from high levels of alfalfa supplementation and decreased digestibility of nutrients along 
the gastrointestinal tract (35). Similar to broilers, the value of supplementing alfalfa as a 
low-fiber extract in the diets of pigs has been explored, but not extensively. Weaned 
piglets fed diets with supplemental alfalfa saponin extract had improved performance 
parameters in addition to increased activity of antioxidant enzymes (36). Contrary to 
observations in turkeys, supplemental alfalfa protein concentrate increased lymphocyte 
counts in grow-finish pigs (37).  
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The outcomes of previous studies into the effects of alfalfa supplementation in 
non-ruminant animals combined with the scarcity of information provide further 
motivation to examine the potential benefits associated with alfalfa supplementation. 
While providing evidence of benefits to production performance, these studies do not 
provide insights into underlying physiological changes that may be responsible for the 
improvements. Additionally, these reports do not address qualities of alfalfa beyond fiber 
or attempt to further dissect compartments within the plant that may contribute to 
observed benefits. 
 
Nutrition and the Immune System 
 The effects of nutrients in the diet on the immune system have been well-
described (38). Greater emphasis in the literature has been placed on nutrients with well-
established mechanisms such as fatty acids and vitamins and minerals with known 
antioxidant functions. While supplementation with various phytochemicals has been 
studied, the underlying mechanisms have yet to be fully understood. For the purposes of 
this review, the impact on the immune system by fatty acids, phytoestrogens, saponins, 
and polysaccharides will be discussed in more detail.  
 
Fatty Acids 
  Studies into the effects of fatty acids on immunity primarily focus on the action of 
n-6 and n-3 fatty acids. Both are classified as polyunsaturated fatty acids (PUFAs); 
however, they contribute to very different inflammatory processes. When consumed, n-6 
PUFAs are converted to arachidonic acid by a series of desaturation and elongation 
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reactions. Further metabolism of arachidonic acid results in the formation of pro-
inflammatory mediators including prostaglandins and leukotrienes (39). As a result, n-6 
fatty acids are considered to be pro-inflammatory. In contrast, dietary n-3 fatty acids are 
metabolized to eicosapentanoic acid (EPA) and docosahexanoic acid (DHA), which are 
considered to be the biologically active n-3 PUFAs. These two fatty acids displace 
arachidonic acid in lipid membranes, resulting in the decreased availability of substrate 
for the metabolic conversion of arachidonic acid into pro-inflammatory mediators. This 
results in the classification of n-3 fatty acids as anti-inflammatory (40, 41).   
In poultry, supplementing diets with flaxseed and fish oil, both of which are 
sources of n-3 PUFAs, resulted in decreased lymphocyte proliferation in vitro (42). Fish 
oil contains mainly DHA and EPA, while flaxseed predominantly contains the precursor 
to these bioactive fatty acids. At low levels of dietary inclusion, supplementation of fish 
oil resulted in the decreased presence of pro-inflammatory markers in chicks, but this 
response is dose-dependent and no changes are observed at higher levels of fish oil 
supplementation (43, 44). Feeding diets with low n-6: n-3 ratios had improved 
performance and increased cytokine responses linked to improved immunity in broilers 
(45). Fatty acids present in a crude chloroform extract of alfalfa inhibit inflammation in 
vitro and improve survival in a sepsis model in vivo (46). 
 
Saponins 
 The effects of saponins on immunity largely relate to their immunostimulatory 
effects and the potential for use as vaccine adjuvants (47-49). A number of in vitro 
studies of saponins have illustrated their function in increasing the fluidity and 
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permeability of membranes; however, the consequences of the membrane-altering effects 
of saponins have not been specifically studied in regard to immune function (48, 50, 51). 
Regardless of plant source, saponins have been found to downregulate the nuclear factor 
(NF)-kB pathway, resulting in downstream reduction in expression of toll-like receptor 
(TLR)-4 and inducible nitric oxide synthase (iNOS) and decreased production of pro-
inflammatory mediators such as nitric oxide (NO), interleukin (IL)-6, and IL-1b both in 
vitro and in vivo (52-55). Oral administration of ginseng saponins enhanced serum 
immunoglobulin (Ig)G responses and the number of IgA+ cells in the intestine of mice 
administered a vaccine for foot-and-mouth disease (56). Similarly, dietary saponins 
isolated from Quillaja saponaria increased serum IgG 20 days post-weaning in piglets, 
with no effect of growth despite higher feed intakes (57). In this study, the lack of a 
specific pathogen challenge does not provide insight into the functional importance of 
saponin-mediated increases in serum IgG on piglet health.  
 In poultry, research into the immunomodulatory impacts of saponins focuses 
primarily on immune responses to vaccines. Saponins isolated from the leaves and stems 
of ginseng increased the number of intestinal IgA+ cells and increased antibody responses 
in immunosuppressed chickens given a bivalent vaccine of Newcastle disease and avian 
influenza (58) and healthy chickens given oral and intranasal vaccines against infectious 
bursal disease (59) and Newcastle disease, respectively (60). The saponins present in 
aqueous alfalfa extracts were considered to be a potential cause for the increased immune 
organ weights, and increased proliferation of T and B-cells observed in broilers fed diets 
supplemented with 0.06% aqueous alfalfa extract (30). The combination of these 
published observations indicates that saponins play a role in both adaptive and innate 
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immunity that is similar across species; however, whether or not alfalfa saponins behave 
similarly has not been described.   
 
Phytoestrogens 
In general, phytoestrogens can impact the immune system through a number of 
different mechanisms that vary between different classes and specific phytoestrogens. 
The flavanol quercetin has a number of well-studied impacts on immunity linked to its 
role in downregulating pro-inflammatory tumor necrosis factor (TNF)- a through 
modulation of the transcription factor NF-kb in vitro (61, 62). Additionally, quercetin 
inhibited the production of pro-inflammatory cytokines in lipopolysaccharide (LPS)- 
induced RAW264.7 murine macrophages and upregulated the expression of a TLR-4 
suppressor protein. This ultimately resulted in suppression of the inflammatory response 
to LPS, as TLR-4 is responsible for immune response to LPS (63). In vivo, orally 
administered quercetin reduced percentages of CD4+, interferon (IFN)-g+ CD4+, and 
TNF-a+CD4+ T-cells in the colon of mice with colitis induced by adoptive T-cell transfer 
(64).  
Isoflavone phytoestrogens function to downregulate TLR-4 signaling to suppress 
dendritic cell maturation, resulting in inhibition of cytokine secretion that varied between 
two common dietary isoflavones, daidzein and genistein, in cultured human dendritic 
cells (65, 66). Leukocytes collected from 16-month-old mice fed diets supplemented with 
daidzein and genistein showed increased lymphocyte proliferation and increased activity 
of natural killer cells against murine lymphoma cells compared to untreated controls in 
vitro (67). In a dextran sodium sulfate-induced model of colitis, C57BL/6 mice pre-
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treated with phytoestrogen isoflavones had observed reductions in body weight loss, 
improved colon histopathological scores, suppression of pro-inflammatory production in 
cultured monocytes stimulated with LPS, and inhibition of macrophage activation 
compared to untreated controls (68). These results show that phytoestrogens inhibit 
inflammatory responses that may ameliorate colitis and other inflammatory conditions.  
 Feeding apigenin, a flavone phytoestrogen, to C57BL/6N mice did not alter serum 
levels of pro- and anti-inflammatory cytokines or their expression in the spleen (69). 
Flavonoid phytoestrogens, particularly apigenin, inhibit activation of the NLRP3 
inflammasome in vitro as measured by concentrations of IL-1b, a product of 
inflammasome activation. In mice, apigenin treatment reduced the numbers of 
neutrophils and monocytes during experimental peritonitis (70). One of the major non-
flavonoid phytoestrogens isolated from alfalfa, coumestrol, has been studied primarily in 
the context of autoimmune disorders where it has been shown to have therapeutic 
potential for slowing disease progression and alters splenic T-cell subsets (71, 72).  
These results in cell culture and mouse models illustrate anti-inflammatory 
properties of phytoestrogens that may play a role in ameliorating colitis and other 
inflammatory conditions. While they provide descriptive potential mechanisms of action 
in the immune system, these studies utilize purified phytoestrogens and do not provide 
insight into potential interactions between other phytochemicals and dietary components.  
In contrast, studies on phytoestrogens in non-ruminant livestock utilize uncharacterized 
blends of phytoestrogens from soybean. When challenged with infectious bursal disease 
virus, dietary soybean isoflavones increased the percentage of peripheral CD3+, CD4+, 
and CD8+ T-cells in broilers at 23 days post-infection (73). Dietary soy isoflavones in 
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weanling pigs did not change overall T-cell numbers, but the proportion of cytotoxic T-
cells increased during infection with porcine reproductive and respiratory syndrome virus 
(74). These variations in response may be the result of differences in species and immune 
challenge utilized. Additionally, the responses observed in soybean phytoestrogens may 
not be predictors of responses to the same class of phytochemicals in alfalfa, as the 
potency of responses varies between legumes (75).  
 
Polysaccharides 
 There is a great amount of variability in the composition of polysaccharides from 
varying plant sources. As a result, specific polysaccharides have not been isolated and 
researched for potential immunomodulatory effects. A wide body of literature reporting 
varying effects of polysaccharides from different sources also makes it difficult to 
identify a general mechanism for alterations to the immune response as a result of dietary 
plant polysaccharides (76). Treating RAW264.7 macrophages with polysaccharides from 
Ganoderma atrum and sweet cherry prior to LPS administration increased the expression 
of pro-inflammatory cytokines that corresponded to increased synthesis of NF-kB (77, 
78). In contrast, pretreating Caco2 cells with Astragalus polysaccharide prior to an LPS 
challenge resulted in reduced expression of TNF-a, IL-1b, and IL-8 and increased the 
expression of tight junction proteins associated with increased barrier function (79). 
Hemicellulosic and pectic polysaccharides from alfalfa administered to RAW264.7 
macrophages decreased expression of IL-1b, IL-6, and cyclooxygenase-2 (17, 18).  
 The varying effects of polysaccharides from different plant sources are also 
observed in animal models. Polysaccharides from the peel of Citrus unshiu given to 
 13 
C3H/He mice by oral gavage resulted in increased production of IL-6 by isolated Peyer’s 
patch cells and increased proliferation of isolated bone marrow cells (80). 
Polysaccharides from Astragalus, Isatis root, Achyranthes root, and Chinese yam 
increased peripheral blood lymphocyte proliferation and the ratio of CD4+: CD8+ T-cells 
in chickens 10d after vaccination against Newcastle disease (81). In pigs, dietary 
supplementation with Acanthopanax senticosus polysaccharide increased lymphocyte 
proliferation and decreased serum levels of IL-1b, IL-6, and TNF-a during an LPS 
challenge (82). Differences in the immune response to plant polysaccharides can be the 
result of discrepancies in plant source, model used, routes of administration and dosages, 
meaning that care should be taken when attempting to use previous studies to corroborate 
results of immunological changes in response to plant polysaccharide treatments.  
 
Nutrients and the Intestinal Microbiota 
 Time and cost-saving advances in DNA sequencing technology have paved the 
way for methods to characterize and study the vast number of microorganisms that 
cannot be cultured in laboratories. As a result, more interest in the composition of human 
and animal intestinal microbiomes has increased in the last decade (83). There currently 
exists a large body of research concerning the effects of nutrition on the intestinal 
microbiome in both humans and animals (84-89). Studies have illustrated potential roles 
of the intestinal microbiota in diseases such as obesity and inflammatory bowel disease as 
well as potential therapeutics targeted to modulate the microbiota in favor of beneficial 
community members (90). This has led to the increased usage of dietary probiotics and 
prebiotics in an effort to modulate the intestinal microbiota in ways that promote health 
 14 
while maintaining or improving animal performance (91). In livestock, growing 
understanding of the intestinal microbiota and its interaction with the host immune 
system to improve animal health has created a niche for research into a link between the 
intestinal microbiota, nutrition, and animal performance.   
 
Saponins 
 Dietary saponins are considered to be anti-nutritional and are not readily 
consumed in large quantities due to their bitter taste (48). As a result, research into the 
impact of dietary saponins on the intestinal microbiota is very limited. In C57BL/6 mice, 
saponins isolated from 4 herbal teas administered by oral gavage enhance reduce the 
relative abundance of dominant phyla and increase the relative abundance of beneficial 
community members such as Bacteroides, Lactobacillus, and Bifidobacterium (92). 
Similar results were observed in mice from the same strain when given saponins from 
Gynostemma pentaphyllum, an herb used in traditional medicine (93). In rodent models 
of disease, saponin administration improves the composition of dominant phyla in the 
microbiome to have proportions of dominant phyla that more are more similar to healthy 
animals (93, 94).  
 These studies illustrate a potential probiotic effect that may beneficially alter the 
microbial community in healthy and diseased animals, but they do not offer a potential 
mechanism by which the microbiota interacts with dietary saponins. To date, a specific 
mechanism has not been illustrated; however, the proposed mechanism is that members 
of the colonic microbiota hydrolyze saponins to remove the sugar moiety and release 




 Phytoestrogens belong to a broad group of phytochemicals know as polyphenols 
and the effects of this broad class of compounds on the intestinal microbiota has been 
studied more extensively than individual phytoestrogens. Interest in the effects of 
polyphenols on the microbiota is largely studied in the context of obesity. Compared to 
mice fed diets with a normal fat content, mice fed high-fat diets have increased 
abundance of Firmicutes and Actinobacteria and decreased abundance of Bacteroidetes 
in mice with conventional and humanized microbiomes (98, 99). Both conventional 
C57BL/6J mice and SPF C57BL/6J inoculated with human fecal flora experienced 
changes to the dominant phyla of the intestinal microbiome as a result of supplementation 
with polyphenols from different sources (98-100)  
 While studies on polyphenols and the microbiota are not specific to 
phytoestrogens, the potential exists for phytoestrogens within these broadly studied 
categories to play a role in the observed responses. In mice fed high fat diets, quercetin 
supplementation increases Bacteroidetes compared to untreated mice fed high fat diets 
while reducing the abundance of Proteobacteria to percentages observed in mice fed a 
diet with normal fat content (101). In a mouse model of colitis induced by adoptive T-cell 
transfer, 5 weeks of quercetin supplementation by oral gavage resulted in an increased 
Bacteroidetes: Firmicutes ratio and decreased relative abundance of Proteobacteria and 
Actinobacteria compared to mice treated with phosphate-buffered saline (PBS; 64).  
 Research on the impacts of polyphenols and individual phytoestrogens focused on 
the microbiota is limited and a number of metabolic pathways have been offered to 
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explain the beneficial effects of these compounds. In particular, metabolism of the 
phytoestrogen isoflavone daidzein to equol and O-desmethylangolensin by 
Bifidobacterium and other members of the microbiota (102-104). Similar to the action of 
saponins on the microbiota, the presence of phytoestrogens in the intestine can have a 
prebiotic effect on beneficial members of the microbiota to improve host health 
 
Polysaccharides 
 There is a lack of research reporting the specific effects of isolated 
polysaccharides from plants in the literature. What exists is evidence that supplemental 
polysaccharides from herbs utilized in traditional medicine function to ameliorate 
diseases in rodent models by shifting the major phyla in the microbiome to compositions 
observed in healthy controls (94, 105). Rather than focusing on extracted polysaccharides 
from specific plant sources, greater emphasis has been placed on the impact of fiber on 
the intestinal microbiota due to its well-established function as a substrate for bacterial 
fermentation (84, 106). 
While a number of positive effects of high-fiber diets on the microbiome have 
been elucidated across species, the specific effects of alfalfa supplementation on the 
microbiota of livestock species remains limited. In ducks, alfalfa meal as a source of fiber 
in the diet caused increased species richness and diversity in the ceca and feces compared 
to unsupplemented controls (29). Compared to a fiber-free control and diets with other 
sources of fiber, alfalfa meal as a fiber source did not alter the dominant phyla in the 
cecum or colon of suckling pigs but altered the abundance of bacteria at the genus level 
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in both the cecum and colon. Additionally, supplemental alfalfa meal decreased the 
abundance of pathogenic bacteria more than other fiber types in pig diets (107).  
 
The Intestinal Microbiota and the Immune System 
  The gastrointestinal tract represents an interface between external and internal 
environments consisting of luminal contents including the microbiota (external) and the 
host tissues (internal). Close proximity of foreign material to host tissues requires 
monitoring by the immune system and provides an environment in which the intestinal 
microbiota can communicate with the host immune system. The microbiota can 
communicate with the immune system directly or indirectly through the production of 
metabolites (108, 109).  
 Antigen presenting cells (APC) in the lamina propria and Peyer’s patches, such as 
dendritic cells (DCs), are constantly acquiring antigens from the luminal contents and 
presenting these antigens to T cells in lymphoid tissues (108). In healthy animals, the 
intestinal epithelium is protected by a layer of mucus that prevents antigens from entering 
the underlying tissue. In this state, DCs acquire antigen by pathways involving M cells in 
the Peyer’s patch and goblet cells (108, 110). Additionally, DCs can sample luminal 
contents through the use of extracellular projections (111). After phagocytosing and 
processing sampled antigens, DCs and other APCs present these molecules to 
lymphocytes to induce the differentiation of naïve T cells into their effector types- 
primarily T-helper (TH) 17 and regulatory (Treg) cells (108, 112).  
 When the gut microbiota is in a state of homeostasis, TH17 cells play an important 
role in mucosal defense by enhancing the expression of antimicrobial peptides, 
 18 
generating a chemotactic gradient for neutrophil recruitment, and functioning in the 
inflammatory response to extracellular pathogens (113, 114). While this population of 
cells is important in mucosal immunity in a healthy state, they also have potent 
inflammatory functions and can be impacted by the intestinal microbiota. Germ-free mice 
and rats have low or undetectable numbers of intestinal TH17, but can be induced after 
germ-free animals are colonized with the microbiota of specific pathogen free (SPF) mice 
(115). These results indicate that the intestinal microbiota impacts the presence of TH17 
cells in the intestine of mice, but the same study reported differences in TH17 numbers in 
C57BL/6 mice from different vendors. Mice acquired from Jackson Laboratories had 
fewer intestinal TH17cells than mice from Taconic, but cohousing mice from different 
vendors resulted in increased TH17 cells in the mice from Jackson laboratories. These 
results further implicate the role of the intestinal microbiota on TH17 cells and emphasize 
the differences in the microbiota of mice from different sources (115). The presence of 
TH17 in the mouse intestine is linked to adherence of segmented filamentous bacteria 
(SFB) to the intestinal epithelium, where they have been shown to induce TH17 presence 
followed by increased downstream expression of inflammatory and antimicrobial genes 
(116). While it was observed that the presence of SFB protected mice from a bacterial 
pathogen (116), germ-free mice singly colonized with SFB developed autoimmune 
arthritis related to the induction of TH17 cell (117). This indicates that the complex 
interactions between members of the microbiota impact Th17 induction and function, 
rather than just the presence or absence of specific community members.  
 In contrast to TH17, Treg cells function in a more anti-inflammatory role to 
moderate immune responses primarily through the production of IL-10 by forkhead box 
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P3 (Foxp3)+ Treg cells (118). Thymus-derived Tregs play a major role in responding to the 
microbiota (108, 119), but extrathymic and peripheral development of these cells is 
known to occur in the intestine in response to the microbiota (2). The presence of specific 
members of the microbiota, such as Clostridia, have been shown to impact the induction 
of Tregs (120), but they can also be indirectly impacted by the presence of metabolites 
produced by microbial activity (108, 109). During the fermentation of starch and other 
polysaccharides, short chain fatty acids (SCFA) are produced and released into the 
intestinal lumen. The SCFAs propionate and butyrate were shown to induce extrathymic 
induction of Tregs when administered to C57BL/6 through drinking water (121). Germ-
free mice exhibit low levels of intestinal SCFAs and a corresponding reduction in Tregs 
compared to SPF mice. Providing SCFAs in the water of germ-free mice resulted in 
increased numbers of Tregs, linking the absence of a microbiota and consequent loss of 
SCFAs to colonic Treg populations (122). While it is known that the microbiota can 
metabolize compounds such as flavonoids and saponins, the effects of the metabolites 
from alfalfa-derived compounds on the immune system are not well-documented (108, 
123, 124). 
 
The Mouse as a Model  
 The utilization of mice as a model for human disease has been well-established 
despite concerns about the efficacy of the model (125, 126). While their use may be more 
associated with human disease and clinical trials, mice also have the potential to serve as 
models for addressing issues in livestock; however, published literature on this 
application of a mouse model is scarce (123). The large number of genetic platforms and 
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immunological reagents available in mice allows for sophisticated modeling of immune 
responses in vivo that would otherwise be unethical in human trials and unavailable in 
livestock models. This information, combined with the well-documented microbiome of 
the C57BL/6J inbred mouse strain, provides a niche for utilizing the mouse to 
descriptively model immunological and microbiome responses to supplementation of 
feedstuffs not typically used in non-ruminant animals such as alfalfa (127, 128).  
 In addition to using mice to model livestock responses to alfalfa on the immune 
system and microbiome at a baseline healthy state, utilization of an immunological 
challenge provides a platform to contextualize these effects. A potential candidate for 
modeling colitis and Escherichia coli infection is Citrobacter rodentium, a rodent-
specific bacterial pathogen. During infection, C. rodentium colonizes the cecum and 
colon by forming attaching and effacing lesions, a mechanism used by enteric pathogens 
including enteropathogenic E. coli and enterohemorrhagic E. coli (129, 130). Infection 
with C. rodentium is also characterized by dysbiosis of the colonic microbiome 
characterized by increased abundance of C. rodentium at the expense of relative 
abundance and overall diversity of the commensal microbiota (131).  
The severity of infection is dependent on the mouse strain used for research 
ranging from a self-resolving colitis in the C57BL/6 strain to high mortality in the 
C3H/HeJ mouse strain (132). Additionally, the source of mice plays a role in 
susceptibility to C. rodentium, with mice from Jackson laboratories having increased 
susceptibility to the bacteria compared to mice from Jackson Laboratories cohoused with 
mice from Taconic. These differences in response based on source are linked to the 
composition of the intestinal microbiota- specifically the presence or absence of SFB 
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(116). Innate immune responses to C. rodentium are characterized by classical and non-
canonical activation of the NLRP3 inflammasome to produce IL-1b and IL-18 and 
production of IL-22 by innate lymphoid cells (133-135). The adaptive response is 
characterized by IFN-y production by TH1 cells, and production of IL-17 and IL-22 by 
TH17 cells (136-138).  
 
Summary 
 Changes to the nutritional and phytochemical composition of alfalfa provide 
foundational knowledge to support anecdotal claims that health-promoting benefits are 
enhanced in later cuttings of the hay compared to earlier cuttings. The current body of 
literature detailing the benefits of feeding alfalfa to livestock animals does not elaborate 
on the cutting used or provide insight into other qualities of the plant that may be altering 
the nutritional profile and contributing to the observed effects. Benefits are observed in 
alfalfa fed as a hay or an extract to non-ruminant animals, but there is a lack of peer-
reviewed work designed to determine whether one form of alfalfa supplementation 
confers more health benefits than the other.  
Research into the effects of nutrients on the immune system and microbiome 
utilize a number of different plant sources and degrees of compound purity. This 
effectively provides background information for anticipated results but emphasizes the 
need for additional research. Many of these compounds are administered by oral gavage 
in doses that may not be reflective of what can be attained in the diet without negatively 
impacting FI. Utilizing mice as a model for non-ruminant livestock allows for the 
application of extensive immunological reagents to explore the effects of alfalfa 
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supplementation in a mouse model with a well-characterized microbiome. As a result, 
more descriptive results on the interaction of alfalfa and its extracts on the immune 
system and microbiome can be attained and utilized to develop future studies in livestock. 
 
Therefore, the goals of this thesis are:  
1) Optimize methods for producing water and lipid-soluble components of 
alfalfa for use in animal studies. 
2) Examine the health-promoting benefits of late-cutting alfalfa vs. early-cutting 
incorporated in animal diets in terms of the immune system and intestinal 
microbiome of mice before and after challenge with Citrobacter rodentium.  
3) Identify whether the health benefits of alfalfa can be isolated to water or lipid-
soluble plant compartments, or if a synergistic relationship exists in both 
compartments when the plant is fed as hay.  
The results of this experiment will provide information on the potential for alfalfa as a 
source of bioactive feed additives in terms of modulating the immune response and 
altering the intestinal microbiota, addressing anecdotal claims made by producers, 
providing specific insight into the qualities of compounds that may be responsible for 
observed health-promoting benefits, and providing preliminary data for responses to 
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 Alfalfa is a forage plant predominantly used in the production of ruminant 
livestock, but anecdotal evidence suggests that feeding late cutting alfalfa to monogastric 
animals may act as a nutraceutical. Published reports provide evidence for the beneficial 
impacts of whole or extracted alfalfa in monogastric livestock, but there is a lack of 
consistency in extraction method and hay cutting. The objective of the study was to 
optimize the methods for preparing lipid and water-soluble extracts of early and late 
cutting alfalfa hay for use in animal feeding trials. Early (1st) and late (5th) cutting alfalfa 
hays were harvested from the same field and ground prior to extraction. Water-soluble 
components were extracted using three alfalfa: water ratios (1:3, 1:4, 1:5), at three 
temperature conditions (room temperature, 60°C, and 100°C), and for three different 
durations (2, 12, and 24h). Lipid-soluble extracts were completed in two alfalfa: 
chloroform ratios of 1:4 or 1:5 at room temperature (RT) or 40°C for a total of 72h, with 
a solvent change every 24h. Aqueous extracts were lyophilized and chloroform extracts 
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were dried by evaporation before analysis for CP, crude fat (CF), and fatty acid 
composition. Aqueous extracts completed at RT and 60°C contained 3.6 and 4.0% more 
CP than boiled extracts (P < 0.05) while 24h extracts contained 5.6 and 3.6% more CP 
than 2 and 12h extracts, respectively (P < 0.05). Further examination into aqueous 
extracts found no effect of ratio or temperature on the percent CP of the final product. 
Extraction ratio and temperature did not alter chloroform extract CP and CF, but 5th 
cutting extracts contained 3.5% less CP and 10.8% more CF than 1st cutting extracts (P < 
0.05). Fatty acid analysis provided insights into the composition of the alfalfa hays and 
extracts but was not a deciding factor in selection of extraction method. As a result of this 
work, a 1:5 alfalfa:water ratio at room temperature for 24h and a 1:4 alfalfa:chloroform 
ratio at 40°C were selected for preparation of aqueous and chloroform extracts, 
respectively, for use in animal feeding trials. 
Key Words: alfalfa, aqueous, chloroform, extract, nutraceutical 
 
Introduction 
 Utilization of plant-based feed additives in livestock nutrition to improve animal 
health and production appeals to marketing goals and aligns with consumer preference 
for more “natural” animal products. Alfalfa, a perennial forage, has largely been used for 
animal feed but also has a history of use in traditional human medicine (1, 2). As a 
forage, alfalfa has predominantly been used in ruminant animal production but is also fed 
to swine and poultry as a source of protein, minerals, and fiber (3). The high fiber content 
of alfalfa hay limits its use in monogastric animals and makes it difficult to feed in 
quantities high enough to obtain benefits from other compounds in the plant. One 
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solution to this problem is to prepare extracts as a feed additive. The historical use of 
alfalfa in the diets of swine and poultry provide background for research into the 
utilization of alfalfa extracts in animal feed; however, the methods used to prepare 
extracts are often reported in very little detail and lack consistency between publications 
(4-8).   
 Another consideration when promoting alfalfa for health benefits is the number of 
different conditions that can ultimately impact its nutrient composition. Plant maturity, 
cutting season, and time of harvest (morning versus night) alter qualities of fiber content 
and crude protein (CP) in alfalfa hay (9-11). Additionally, environmental conditions can 
impact the amount of potentially beneficial phytochemicals within the plant such as 
saponins, phytoestrogens, and non-cellulosic polysaccharides (12-18). The perennial 
growth of alfalfa allows for multiple harvests to occur within a growing season, which 
can result in variations in hay cut from the same field based on the number of cuttings. 
Anecdotal evidence from producers have indicated that feeding alfalfa hay from a later 
cutting improves the health of monogastric livestock, but the cutting used is either 
lacking or inconsistent in peer-reviewed publications.   
 A number of methods exist for obtaining initial extracts from plant material, 
including maceration, ultrasound-assisted solvent extraction, and Soxhlet extraction, each 
with their own advantages and disadvantages (19). For the purposes of obtaining bulk 
extracts for use as a feed additive in animal diets, methods that do not require special 
equipment and can be completed at a large scale without the risk of damaging compounds 
are most applicable. For these reasons, Soxhlet and ultrasound-assisted extraction 
methods are less appropriate than maceration in the context of future study goals. 
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Extraction by maceration in the context of preparing plant extracts is completed by 
combining plant material and solvent in the same container and allowing extraction to 
occur through constant contact. This is a simple method that can be scaled up for 
increased production but utilizes large amounts of solvent and may not be as exhaustive 
as other methods (19). The objective of this work was to optimize methods for preparing 
water-soluble and lipid-soluble extracts from early (1st) and late (5th) cutting alfalfa hay 
for downstream applications in animal feeding trials.  
 
Materials and Methods 
Plant Material 
 First and 5th cutting alfalfa hays harvested from the same field were obtained and 
nutritional analysis for each cutting was conducted by a commercial laboratory (Analab, 
Agri-King Inc., Fulton, IL; Table 1). Large round and small square bales of alfalfa hay 
were ground by a commercial hay grinder. Netting and strings on individual bales and 
round bales were not able to be completely removed prior to grinding. Prior to extraction, 
alfalfa hays were ground further through a 1mm screen (Arthur H. Thomas Company, 
Philadelphia, PA) to increase surface area available for extraction. 
 
Aqueous Extract Preparation 
 Due to a lack of detailed reporting about extraction ratios used in similar 
experiments, aqueous alfalfa extracts were prepared in 1:3, 1:4, and 1:5 ratios of 
alfalfa:water (4, 20). These ratios were selected due to their similarity those used for 
chloroform extraction (21). Each ratio was subjected to extraction at three different 
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temperature conditions: RT, supplemental heat (60°C), or boiling. Previous methods used 
boiling water for alfalfa extracts but concerns about protecting the biological activity of 
thermosensitive compounds necessitated the testing of other heat conditions (4, 5, 20). 
All extracts were completed in acid-washed glass beakers with continuous stirring for the 
duration of extraction. Beaker contents were passed through cheesecloth to collect 
extract. Extracts performed at RT and 60°C were completed in 24h with extract collection 
and a solvent change occurring at 12h. Boiled extracts were completed in 2h in 
accordance with previously published methods (4, 5, 20). Collected extracts were frozen 
at -20°C prior to freeze-drying to obtain a solid aqueous alfalfa extract. Solid extracts 
were analyzed for CP and crude fat (CF). 
 
Chloroform Extract Preparation 
 Chloroform extracts were performed in 1:4 and 1:5 alfalfa:chloroform ratios 
based on previous methods (21). Both ratios were performed at RT or with supplemental 
heat (40°C). All extracts were performed in covered glass beakers in a fume hood with 
continuous stirring. Temperature was carefully monitored to prevent boiling and 
subsequent loss of solvent. Extractions were completed in 72h based on published 
methods with extract collection and a solvent change every 24h (22). Chloroform extract 
was collected by filtering through cheesecloth and leaving uncovered in a fume hood to 
allow solvent evaporation and produce solid chloroform alfalfa extract. Solid extract was 




Fatty Acid Analysis 
 Fatty acid profiles of all prepared extracts and alfalfa hays were measured by gas 
chromatography (GC). Prior to preparation of fatty acid methanol extracts (FAME), 
crude lipid extracts were prepared by soaking 1.5 – 2.0g of aqueous extract and 5g of 
ground hay in chloroform for 24h. Chloroform extracts did not require this additional 
extraction step. Following solvent removal, approximately 5mg of resulting lipid residue 
and chloroform alfalfa extract was placed in a glass vial for FAME preparation. 
Conversion to FAME involved an acid catalyst (3% sulfuric acid in methanol) to prevent 
the formation of soap. A total of 3mL of this solution was added to each glass vial before 
being sealed and placed in an oven at 80°C for 8h with occasional shaking. Extraction of 
FAME was finished by the addition of a 1:1 solution of hexane and water, centrifugation 
at 3,500 rpm for 10 minutes, and collection of the top layer of solution into a second glass 
vial. The collected solution was washed again with water to remove acidic impurities and 
the resulting top layer was collected into a 2mL glass GC vial. Samples were analyzed 
using a Hewlett Packard HP 5890 Series II gas chromatograph (Agilent Technologies, 
Santa Clara, CA) with the injector and detector set at 250°C, the oven set at 160°C for 1 
minute, and the temperature set to increase by 5°C per minute until reaching 210°C.  
 
Statistical Analysis 
 Differences between extraction conditions were assessed using a student’s two-
tailed t-test, assuming unequal variance in JMP Pro 14 (SAS Institute, Cary, N.C.). 
Significance was determined at P ≤ 0.05. 
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Results and Discussion 
Alfalfa Hay Composition 
 As expected, analysis of 1st and 5th cutting alfalfa hays showed differences in 
nutrient profiles due to cutting. Notably, 5th cutting alfalfa hay contained a greater 
percentage of CP (24.2%) than 1st cutting hay (19.1%). Fiber profiles between the two 
varied with 5th cutting hay having 11.2, 10.1, and 1.9% less NDF, ADF, and lignin, 
respectively, and 9.3% more non-fiber carbohydrates compared to 1st cutting. In terms of 
mineral content, 5th cutting hay had more potassium, chloride, sulfur, and manganese, but 
less iron and nitrate than 1st cutting hay (Table 2.1). 
 
Aqueous Extract Method Optimization 
 Preliminary extracts were done with 5th cutting hay to determine which of the 
several extraction conditions should be examined in greater detail. At the outset of 
preparing preliminary extracts, the 1:3 alfalfa:water ratio was excluded from further 
examination due to the added water being completely absorbed by the dry hay. 
Performing the preliminary extracts at RT and 60°C resulted in 3.6 and 4.0% more CP in 
the final product, respectively, than extracts performed at 100°C (P = 0.0002; P < 
0.0001). A time-dependent response on the percent CP in aqueous alfalfa extract was 
observed with extracts performed for 24h having 5.6 and 3.6% more CP than extracts 
performed at 2 and 12h, respectively (P < 0.0001). Aqueous extracts performed for 12h 
contained 2.0% more CP than those performed for 2h (P = 0.0003). The ratio of 
alfalfa:water did not impact the amount of CP present in aqueous alfalfa extracts. Room 
temperature and boiled extracts contained 1.2 and 1.0% more CF, respectively, than 
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extracts performed at 60°C (P = 0.03). Extraction ratio and time did not affect the percent 
CF in preliminary aqueous extracts (Figure 2.1).  
 Crude fat was not a major factor in selecting methods for preparing aqueous 
alfalfa extracts. In the preliminary extracts, low extract yields reduced the amount of 
sample available for CF analysis. Due to the hydrophobic quality of lipids, the low 
percentage of CF in aqueous extracts was expected and can be attributed to the extraction 
of a small amount of polar lipids (i.e. phospholipids) by water. A combination of low CF 
in the aqueous extracts and small amounts available for analysis resulted in high errors 
for CF analysis (Figure 2.1).  
Based on these results, methods involving boiling for 2h and extracts completed 
for 12h were excluded from further trials due to the low amounts of extracted CP. While 
the ratio of alfalfa: water did not impact the percentage of CP in aqueous alfalfa extract, 
the 1:5 ratio was selected because the volume of water used reduced the amount of alfalfa 
floating to the top of the beaker and drying out. This translated to a greater volume of 
liquid extract being obtained prior to freeze drying. Additional extraction trials were then 
completed with a 1:5 ratio at RT or 60°C for both the 1st and 5th cutting alfalfa hays. 
 In the final preparation of aqueous extracts, temperature and cutting did not affect 
percentages of CP and CF in the final product (Figure 2.2). Since temperature did not 
impact the amount of CP extracted from alfalfa, the decision for a final extraction method 
was made based on criteria not related to extract composition. When considering the 
application of the obtained extracts as potential health-promoting additives in animal 
diets, the destruction of possibly beneficial compounds prior to administration was not in 
agreement with future study goals. As a result, extractions done at a 1:5 alfalfa: water 
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ratio for 24h at RT were selected based on optimal CP in the final product and protection 
of heat-labile compounds. 
 
Chloroform Extract Method Optimization 
 Preliminary extracts to eliminate methods were not performed for the preparation 
of chloroform alfalfa extracts due to the small number of variables being tested as well as 
to reduce exposure to harmful solvents. The extraction conditions of temperature and 
ratio did not have an effect on the composition of chloroform extracts (Figure 2.3). Due 
to the nature of the compounds expected to be present in chloroform alfalfa extracts, CF 
was one of the major factors for method selection. While not statistically significant, a 
1:4 alfalfa: chloroform ratio resulted 4.7% more CF in the final product than 1:4 ratio 
extracts. Providing supplemental heat (40°C) resulted in 4.2% more CF in chloroform 
extracts than RT extracts. To maximize the percentage of CF in the final product, the 
method chosen for future applications was the 1:4 ratio with 40°C of supplemental heat.  
Chloroform extracts of 1st cutting hay had 3.5% more CP than 5th cutting extracts 
(P = 0.0002). Chloroform extracts of 5th cutting alfalfa hay contained 10.8% more CF 
than extracts of 1st cutting hay (P < 0.0001; Figure 2.3). This is noteworthy since 5th 
cutting hay has a higher CP content than 1st cutting and both hays had similar percent CF. 
While important to note for future applications, the compositional differences observed 
between chloroform extracts from 1st and 5th cutting alfalfa hay were not used to select a 




Fatty Acid Profiles of Hay and Alfalfa Extracts 
 Fatty acid analysis of the two hays showed differences in fatty acid profiles 
despite having similar percentages of CF (Table 2.1). Fifth cutting alfalfa hay had 22.3% 
more palmitic acid (16:0) and 17.5% more arachidic acid (20:0) than 1st cutting hay. 
Linoleic acid, an n-6 PUFA, was present in 1st cutting hay whereas linolenic acid, an n-3 
PUFA, was present in 5th cutting hay (Figure 2.4). The differences between these two FA 
are of interest as n-6 PUFAs are generally regarded as pro-inflammatory, whereas n-3 
PUFAs are considered anti-inflammatory (23-26).  
 A majority of the preliminary aqueous extracts’ FA profile was comprised of 
palmitic and stearic (18:0) acids (Figure 2.5). When grouped by extraction conditions, 1:5 
alfalfa:water extract ratio had numerically more palmitic and stearic acid and lower 
percentages of linoleic acid compared to extractions done at the 1:4 ratio. Room 
temperature extracts had numerically greater percentages of palmitic, linoleic and 
arachidic acid than other temperature conditions, but less stearic acid. Allowing 
extractions to continue for 24h resulted in more extracted palmitic acid and less extracted 
stearic, linoleic, and arachidic acid (Figure 2.6). While these FA profiles provide insight 
into the composition of the obtained extracts, it is important to note that the overall 
percent CF in aqueous extract is very low (< 2%) and these FA may not be present in 
biologically relevant amounts when aqueous alfalfa extract is supplemented in animal 
diets.  
 In chloroform extracts, the predominant FA are palmitic, linoleic, and arachidic 
acid. There is a notably higher percentage of linolenic acid present in the extract of 5th 
cutting alfalfa done at a 1:5 alfalfa: chloroform ratio at RT (26.7%) compared to all other 
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extracts (Figure 2.7). Extracts performed at the two alfalfa: chloroform ratios had similar 
percentages of arachidic acid, but 1:4 ratios had a numerically higher percentage of 
palmitic acid and a lower percentage of linoleic and linolenic acid. In general, heated 
extracts contained greater percentages of all FA measured with the exception of palmitic 
and linolenic acid. Chloroform extracts of 5th cutting hay had a higher percentage of 
linolenic acid with a similar percentage of linoleic acid compared to chloroform extracts 
from 1st cutting hay (Figure 2.8). Interestingly, the GC output for some chloroform 
extracts showed peaks that correlated with petroleum contamination. Only glass and 
metal equipment was used during the preparation of chloroform extracts and the presence 
of petroleum contamination was attributed to the presence of plastic baling twine 
fragments that remained after the hay was ground.  
 Fatty acids that were not present in the alfalfa hay were detected in both aqueous 
and chloroform extracts. For the analysis of FA, alfalfa hays were soaked in chloroform 
for 24h to obtain a crude lipid extract prior to FAME preparation. Conversely, 
chloroform extracts were prepared by soaking alfalfa hay in chloroform for a total of 72h, 
which may have allowed for a more exhaustive extraction of FA from the plant material. 
Similarly, aqueous extracts were prepared by soaking alfalfa hay in water for 24h prior to 
the additional 24h extraction in chloroform to obtain lipid for GC analysis and may have 
also provided a more extensive extraction of FA.  
 Overall, the results of this study optimized methods for preparing alfalfa extracts 
for use as a feed supplement in animal trials. The extraction conditions used are 
representative of what can be obtained using maceration and may not match what can be 
obtained from other methods (19). Instead, conditions were selected based on the ability 
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to use simple laboratory equipment and potential translation to large-scale production. 
Future mouse trials will be done with aqueous alfalfa extract prepared in a 1:5 ratio of 
alfalfa: water at RT for a total of 24h, whereas chloroform alfalfa extract will be prepared 
in a 1:4 ratio of alfalfa: chloroform at 40°C for 72h as these methods were shown to 
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Table 2.1: Analysis of 1st and 5th cutting alfalfa hays1 
  1st Cutting 5th Cutting 
Moisture2 13.84 13.78 
Dry Matter 86.17 86.22 
CP 19.05 24.18 
Fat 1.57 1.66 
Ash 10.99 8.96 
NDF 39.79 28.58 
ADF 31.38 21.25 
Lignin 6.81 4.92 
Calcium 1.96 1.99 
Phosphorous 0.23 0.27 
Magnesium 0.21 0.20 
Potassium 2.34 2.63 
Chloride 0.37 0.87 
Sulfur 0.15 0.32 
Sodium 0.04 0.05 
Zinc (ppm) 29.00 29.00 
Copper (ppm) 8.00 10.00 
Iron (ppm) 212.50 144.00 
Manganese (ppm) 49.50 70.00 
Nitrate-N (ppm) 150.00 52.00 
   
Calculated 
NFC 30.56 39.87 
1Analyses conducted by AnaLab laboratories, Fulton, IL (Agri-King, Inc.) 
2With the exception of moisture, all values are percentages on a dry matter basis unless 
otherwise noted 
3Abbreviations: CP = crude protein; NDF = neutral detergent fiber; ADF = acid detergent 




Figure 2.1: Crude protein (CP) and crude fat (CF) analysis of preliminary aqueous alfalfa 
extracts. (A) Analyzed CP of individual extraction conditions; (B) Extraction ratio did 
not significantly impact CP in aqueous extracts (P = 1.0); (C) Extraction temperature 
altered CP in aqueous extracts (RT vs. 60°C, P = 0.5; RT vs. 100°C, P = 0.0002; 60°C 
vs. 100°C, P < 0.0001); (D) Extraction duration impacted the percent CP in aqueous 
extracts (2h vs. 12h, P = 0.0003; 2h vs. 24h, P < 0.0001; 12h vs. 24h, P < 0.0001); (E) 
Analyzed CF with individual conditions; (F) extraction ratio did not alter percent CF in 
aqueous alfalfa extracts (P = 0.93); (G) Extraction temperature altered the percent CF in 
aqueous alfalfa extracts (RT vs. 60°C, P = 0.03; RT vs. 100°C, P = 0.6; 60°C vs. 100°C, 
P = 0.03), but no effect of duration (H) was observed (2h vs. 12h, P = 0.1; 2h vs. 24h, P 
= 0.4; 12h vs. 24h, P = 0.4). Data represent the average ± SEM while the lack of a bar 
indicates that insufficient yield of solid aqueous extract precluded analysis. Bars with 
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Figure 2.2: Average crude protein (CP) and crude fat (CF) of 1:5 ratio aqueous alfalfa 
extracts at room temperature (RT) or 60°C for 24h. (A) CP of all extracts, with no 
observed effect of (B) temperature (P = 0.4) or (C) alfalfa cutting (P = 0.7) on CP in 
aqueous alfalfa extracts; (D) Percent CF of all extracts, with no observed effects of (E) 
temperature (P = 0.1;) or (F) alfalfa cutting (P= 0.08) on percent CF in aqueous alfalfa 




































































Figure 2.3: Nutrient analysis of chloroform alfalfa extracts. Analyses were conducted to 
determine the average crude protein (CP) and crude fat (CF) of (A, E) all first and fifth 
cutting chloroform alfalfa extracts done at a 1:4 or 1:5 alfalfa: chloroform ratio at RT or 
40°C; (B) The percent CP in chloroform alfalfa extract was not impacted by extraction 
ratio (P = 0.1) or (C) temperature (P = 0.2); (D) Cutting impacted CP (P = 0.0002); (F) 
CF in chloroform alfalfa extracts was not impacted by extraction ratio (P = 0.08) or (G) 
temperature (P = 0.1); (H) CF was different in chloroform extracts from alfalfa at 
different cuttings (P < 0.0001). Data represent the average CP or CF ± SEM. Bars with 
different letter superscripts are significantly different P ≤ 0.05.  
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Figure 2.5: Fatty acid profile of preliminary aqueous alfalfa extracts as analyzed by gas 
chromatography (GC). Values are missing for extracts done at a 1:5 ratio of alfalfa: water 

























































Figure 2.6: Fatty acid profile of aqueous extracts grouped by (A) alfalfa: water ratio, (B) 
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Figure 2.8: Fatty acid profile of chloroform extracts grouped by (A) alfalfa: chloroform 














































































































































ALFALFA SUPPLEMENTATION IMPACTS GENERAL MEASURES OF 
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 Alfalfa is a high-fiber perennial forage crop traditionally associated with ruminant 
livestock production. With growing consumer preference for ‘natural’ animal products, 
bioactive alternatives such as alfalfa-derived compounds are increasingly sought-after for 
use in non-ruminant livestock production. Supplementing alfalfa in the form of water- or 
lipid-soluble extracts enriches potentially beneficial compounds without fiber-associated 
limitations, while anecdotal evidence suggests that feeding late-cutting alfalfa provides 
greater health benefits. Published literature lacks consistency in form of supplementation 
and cutting used; therefore, the objective of the study was to evaluate general health 
parameters of BW, average daily feed intake (ADFI), and colon histomorphology in 
healthy and pathogen-challenged mice fed hay, aqueous extract, or chloroform extract of 
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early (1st) or late (5th) cutting alfalfa. In total, 154 female C57BL/6J mice were assigned 
to 1 of 7 diets (22 mice/ treatment) consisting of a basal diet ± hay, aqueous extract, or 
chloroform extract of 1st or 5th cutting alfalfa in addition to an alfalfa-free control. After 
14d, 6 mice/ treatment were euthanized for tissue collection and remaining mice were 
orally inoculated with Citrobacter rodentium. On 4, 8, 14, and 21d post-innoculation 
(dpi), 4 mice/ treatment were euthanized for tissue samples. Mouse BW was measured on 
d0, 14, and daily following inoculation, FI was measured as needed and ADFI was 
calculated for key study timepoints. Measurements of crypt depth were taken on colons 
from 2 mice/ treatment on d0 and 14, and 4, 8, 14, and 21dpi. Data were analyzed using 
PROC MIXED of SAS 9.4 (SAS Institute, Cary, NC) with fixed effects of alfalfa form, 
cutting, and form ´ cutting (significance at P ≤ 0.05). Feeding alfalfa did not alter animal 
health pre-inoculation. Mice fed hay ate 18.1% more than mice fed aqueous extract in 
early timepoints post-inoculation (P = 0.0005). Immediately after inoculation, mice fed 
5th cutting alfalfa weighed 2.6% more than mice fed 1st cutting alfalfa, regardless of 
supplementation form (P = 0.002, respectively), while alfalfa extracts increased BW by 
7.1 and 9.5% compared to mice fed hay, regardless of cutting at later timepoints (P = 
0.03). Alfalfa-supplemented treatments did not change BW, ADFI, or crypt depth 
compared to control, but observed trends showed that chloroform extracts facilitated BW 
recovery.  These results suggest that 5th cutting alfalfa protects BW in early timepoints of 
C. rodentium infection, while chloroform extracts improve BW towards the end of the 





 Bioactive compounds isolated from plants represent a class of potential 
nutraceuticals that align closely with growing consumer demand for ‘naturally-raised’ 
animal products. Alfalfa is a perennial forage plant that is part of the legume (Fabaceae) 
family, which is often associated with a number of nutraceutical health benefits (1). 
Alfalfa is commonly fed to ruminant livestock species, but also has a history of use in 
traditional human medicine, which makes it a good candidate for the isolation of potential 
nutraceutical compounds (2). 
The high content of indigestible fiber limits alfalfa use in non-ruminant livestock, 
as it decreases the energy density of the diet and can negatively impact performance at 
inclusion levels as high as 15% (3, 4). In laying hens, an alfalfa-only diet fed in place of 
total feed restriction during molting resulted in heavier egg weights post-molt, while hens 
fed molt diets containing 70 and 80% alfalfa had greater feed intake and reduced BW loss 
compared to feed restricted birds without detectable losses in bone mechanical properties 
compared to pre-trial controls (5, 6). While these studies show protective effects of 
alfalfa on bird performance, they do not differentiate whether these effects are due to the 
presence of feed during physiological stress or specific phytochemical activity. Including 
alfalfa at 3-9% of the diet increased lymphocyte proliferation and microbial diversity in 
the intestine of ducks without altering performance (7, 8).  
In swine, alfalfa supplemented at 7.5% of the diet improved weight gain and FI in 
grow-finish pigs, while a 1.5% inclusion beneficially modulated the intestinal microbiota 
of suckling piglets in favor of beneficial community members (3, 9). Since commercial 
poultry are typically fed low-fiber production diets, one solution to avoid dietary fiber 
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limitations is to use extracts or components of alfalfa with beneficial phytochemicals 
such as saponins (10, 11), flavonoids (1, 12, 13), and non-starch polysaccharides to 
enrich animal diets (14, 15). Feeding ethanol-extracted saponins at 0.15% of the diet 
increased average daily gain and ADFI in weaned piglets, while administration of fat-
soluble chloroform extracts improved survival during LPS challenge in mice (16, 17). 
Turkeys fed diets supplemented with 3% alfalfa concentrate had 6.9% improved feed 
conversion, while broilers and laying hens fed diets containing 0.06 and 0.15% crude 
aqueous alfalfa extract did not display reduced performance or altered egg quality (18-
20). 
An additional consideration for the use of alfalfa in animal production is the 
perennial nature of the plant, which allows for multiple harvests to occur within a 
growing season. Anecdotal evidence from swine producers indicates that feeding late-
cutting alfalfa provides greater health benefits to piglets and post-farrowing sows 
compared to early-cutting alfalfa. Factors such as plant maturity, season, cutting, and 
time of harvest are known to impact the nutritional and phytochemical profiles of alfalfa 
(21-26). While these reports provide insight into changes within the plant from early to 
late cutting that may be responsible for the observed benefits, animal literature rarely 
reports the cutting used and varies greatly in supplementation form (whole or extract). 
These factors make it difficult to determine whether the benefits of alfalfa 
supplementation are isolated to water or fat-soluble compartments of the plant, or if the 
two work synergistically.   
 While benefits of alfalfa supplementation in livestock are of great interest to 
industry, the information that can be obtained from these animal models are limited 
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compared to murine models with a greater reagent repertoire. The work presented here is 
part of a larger study examining alfalfa’s effect on the immune system and microbiome 
before and after health challenge. To descriptively address the study objectives, mice 
were selected because they have a well-characterized intestinal microbiome and a wealth 
of immunological reagents available to descriptively accomplish overall study goals. 
Additionally, the challenge pathogen utilized, Citrobacter rodentium, is a well-
characterized model of colitis with published methods and a well-established timeline 
and mechanism of infection (27, 28). The objective of the work presented here was to 
assess general health responses in terms of BW, ADFI, and colonic crypt depth in mice 
fed early (1st) or late (5th) cutting alfalfa in the form of hay, aqueous extract (water-
soluble), and chloroform extract (lipid-soluble).  
 
Materials and Methods 
 All protocols involving animals were approved by the Institutional Animal Care 
and Use Committee at Iowa State University.  
 
Experimental Design 
 A total of 163 female C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) at 
6 weeks of age were housed in 45 Innovive cages (2-4 mice/ cage; Innovive Inc., San 
Diego, CA). Animals within each cage were identified by ear punch. Mice were given a 
7d period of time to allow the intestinal microbiota to stabilize following transport and 
diet change to the Teklad Global 18% Protein Rodent Diet (Envigo Teklad, Madison, 
WI). Following the adaptation period (d0), 9 mice were euthanized for baseline blood and 
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tissue sampling. The remaining mice were assigned to 1 of 7 dietary treatments (22 mice/ 
treatment) consisting of the Teklad Global 18% Protein Rodent Diet without alfalfa 
(control) or supplemented with 9% hay, 0.25% aqueous extract, or 0.25% chloroform 
extract of 1st or 5th cutting alfalfa (Table 1). Mice had ad libitum access to food and 
water. All diets were formulated and prepared in a pelleted form by Envigo Teklad 
(Madison, WI) to be isocaloric and isonitrogenous.   
 After a 14d feed adaptation period, 6 mice/ treatment were euthanized for tissue 
sampling and the remaining mice were inoculated with 2´1010 colony forming units 
(CFU) of Citrobacter rodentium by oral gavage. Inoculum was prepared according to 
methods published by Crepin et al. (28). Briefly, Citrobacter rodentium strain DBS100 
(ATCC 51459; Manassas, VA) was cultured in 15ml lysogeny broth (LB) overnight at 
37°C in a shaking incubator set to 200 rpm. Cultures were centrifuged and the bacterial 
pellet was resuspended in 1.5ml PBS and 200µl was administered to each mouse. Each 
15ml starting culture provided sufficient inoculum to infect 6 mice and the number of 
cultures was scaled accordingly to produce enough for 112 animals. Remaining inoculum 
was serially diluted and plated on LB agar to enumerate the administered CFUs. 
Following inoculation, a total of 4 mice/ treatment were euthanized for tissue sampling 
on 4, 8, 14, and 21dpi in accordance with timelines used by Crepin et al. (28). The trial 
concluded at 21dpi when the last subset of mice was euthanized.  
 
Body Weight and Feed Intake Monitoring 
Mouse BW was measured on arrival, d0, d14, and daily following inoculation 
with C. rodentium. Feed intake on a cage basis was determined by subtracting leftover 
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feed from the feeder and cage bottom from the amount of added feed. The total amount 
of FI from d0-d14, 0-4dpi, 4-8dpi, 8-14dpi, and 14-21dpi was calculated and presented as 
the ADFI per mouse.   
 
Histomorphology 
 Large intestines from 4 mice on d0 and 2 mice/ treatment on d14, 4, 8, 14, and 
21dpi were fixed in 10% neutral buffered formalin for 24hr at room temperature before 
being transferred to 70% ethanol. Fixed tissues were embedded in paraffin and mounted 
on a microscope slide before being hematoxylin and eosin stained. Slide images were 
obtained using a DP80 Olympus Camera mounted on an Olympus BX 54/43 microscope. 
Crypt depth measurements were taken from the base of the crypt to the lumen of the large 
intestine using the Olympus Cell Sens Dimension 1.16 software (Olympus Corporation, 
Shinjuku, Tokyo, Japan). A total of 35 measurements were taken along the length of the 
large intestine to calculate the average crypt depth of each mouse.   
 
Statistics 
 Data were analyzed using the following statistical model: 
!(#)%&' = 	* +	,-.# +	,/0(#)% +	1(#)& +	(,/0	 × 	1)(#)%& + 3056(#)%&' + 7(#)%&'  
Where y is the dependent variable (BW, ADFI, or crypt depth), µ is the overall mean, 
Coni is the effect of the control at the i
th level (i=2), Cut(i)j is the fixed effect of the j
th 
level of alfalfa cutting nested within the control (1st or 5th; j=2), F(i)k is the fixed effect of 
the kth level of form nested within the control (hay, aqueous extract, or chloroform 
extract; k=3), (Cut ´ F)(i)jk is the fixed effect of the interaction between cutting at the jth 
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level and form at the kth level nested within the control, d0BW(i)jkl is the covariate of d0 
BW associated with each observation, and e(i)jkl is the random error. This model was used 
due to the 2 ´ 3 + 1 factorial treatment design with the control, 2 forms of alfalfa, and 3 
supplementation forms. Data were analyzed using the MIXED procedure of SAS 9.4 
(SAS Institute, Cary, NC) with results considered significant at P ≤ 0.05.  
  
Results and Discussion 
BW and ADFI 
The study presented here was a 35d animal trial divided into a 14d feeding 
enrichment period to assess baseline responses to alfalfa supplementation followed by a 
21d challenge period to determine responses during infection with a rodent-specific 
pathogen. No differences were found in BW during the enrichment period or ADFI 
during the enrichment or challenge periods (Figures 1 and 2), with the exception of 
significant reductions in ADFI for mice fed aqueous extract vs hay from 0-4dpi and 4-
8dpi (Figure 3.2A). In the first 4dpi, mice fed diets with hay ate 0.5g ± 0.1g (18.1%) 
more than mice fed diets with aqueous extract, regardless of cutting (P = 0.005; Figure 
3.2A). From 4-8dpi, mice fed hay ate 0.5 ± 0.2g (17.2%) more than mice fed aqueous 
extracts (P = 0.04). Mouse BW and ADFI were expected to drop in the early timepoints 
following inoculation (0-4dpi and 4-8dpi) with recovery occurring as C. rodentium was 
cleared during later timepoints (8-14dpi and 14-21dpi).  
Post-inoculation, none of the alfalfa-supplemented treatments resulted in ADFI 
that was significantly different from the control diet; however, varying significant 
responses and trends were found in BW (Figures 3.2-3.4). From 8-14dpi and 14-21dpi, 
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the general trend was that mice fed diets with hay had numerically greater ADFI than 
other treatments with the greatest ADFI observed in mice fed 1st cutting alfalfa hay 
(Figure 3.2A and C). Feeding 5th cutting alfalfa positively impacted BW between 4-8dpi, 
regardless of supplementation form (Figure 3.3), while main effects of both aqueous and 
chloroform extracts positively impacted BW between 14-21dpi (Figure 3.4B and C). BW 
was increased in 5th cutting-supplemented mice by 0.5g ± 0.2g (2.6%) and 0.4g ± 0.2g 
(2.0%) compared to mice fed 1st cutting alfalfa at 5 and 6dpi, regardless of form (P = 
0.002 and 0.01; Figures 3.4A). At 15dpi, mice fed aqueous and chloroform extracts 
weighed 1.4g ± 0.7g (7.1%) and 1.9g ± 0.7g (9.5%) more than mice fed hay, respectively, 
regardless of cutting (P = 0.03; Figure 3.4B). These results suggest that late-cutting 
alfalfa protects BW immediately after inoculation, but form of supplementation has a 
greater impact during later timepoints. 
Mice fed control diets recovered to pre-inoculation BW (18.9g) at 4dpi but 
experienced additional losses in BW before fully recovering to pre-inoculation BW at 
13dpi followed by an increase to a final BW of 19.7g (4.1% increase over pre-
inoculation; Figure 3.5). Mice fed 5th cutting chloroform extract displayed an expedited 
recovery to pre-inoculation BW at 2dpi, followed by a BW that stayed higher than the 
control until 9dpi (Figure 3.5F). From 10 to 13dpi, the BW of mice fed 5th cutting 
chloroform extracts dropped to 1g (5.3%) below the pre-inoculation BW before making a 
final recovery at 14dpi and increasing to a final BW 0.2g (1.0%) above the control. While 
mice fed chloroform extracts of 1st cutting alfalfa did not recover to their pre-inoculation 
BW until 9dpi, they did not experience any BW loss following recovery and increased to 
a final BW that was 0.6g (2.7%) greater than control. Notably, only mice fed the 
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chloroform extracts had final BW that were greater than the control (Figure 3.5E and F). 
Examining these results over the course of inoculation indicates that chloroform extracts 
have protective effects on BW immediately after inoculation and increases BW over 
control in late stages post-inoculation, but 5th cutting alfalfa exhibits a protective role 
from 4-8dpi compared to 1st cutting. 
During the enrichment period, we found no differences in ADFI and BW; 
however, post-inoculation response varied based on diet. Performance measurements 
such as BW gain and ADFI are commonplace in livestock research but are rarely reported 
in mouse models due to different husbandry objectives. Increasing dietary fiber content 
may alter dietary energy availability and this could result in compensation by the mouse 
to increase intake in an attempt to fulfill energy requirements (29). Alfalfa hay contains a 
high percentage of insoluble fiber which is estimated by NDF (34.3 and 24.6% as-fed in 
1st and 5th cutting, respectively). Diets supplemented with 10% insoluble fiber have been 
shown to decrease BW in C57BL/6J mice compared to animals fed diets supplemented 
with 10% soluble fiber (30). These differences despite both diets being isocaloric was 
attributed to greater fecal energy loss in mice fed high-insoluble fiber diets, which is 
suggestive of decreased energy digestibility (30). The 9% inclusion of alfalfa used in this 
study was based on reports in swine and poultry that 7.5-9% dietary alfalfa improved 
underlying physiological parameters without negatively reducing performance in healthy 
animals (3, 7, 8). At a baseline health state, this inclusion rate did not show negative 
impacts on mouse BW or ADFI but did not provide sufficient energy to maintain BW 
during a health challenge.  
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Improvements in BW during C. rodentium infection observed in mice fed 5th 
cutting as well as chloroform extracts suggest that enriched phytochemicals may have a 
protective effect on mouse BW during health challenge. This is similar to reports by 
Baker et al. (31) that lavender essential oil decreased BW loss within 10dpi; however, 
Takahata et al. (32) reports that fermented vegetable extract did not impact BW gain in 
female Balb/c mice. Discrepancies between this study and other reports could be due to a 
multitude of factors such as plant source, extract processing, mouse strain, route of 
administration (gavage vs. dietary supplement), and study timeline, further emphasizing 
disparities in phytochemical research in general and the lack of detailed studies 
specifically examining alfalfa. 
 
Colon Histomorphology 
 Citrobacter rodentium infection is characterized by crypt hyperplasia that can be 
measured as increased colonic crypt depth (27, 33). No differences in crypt depth due to 
diet were found during the enrichment or challenge periods (Figure 3.6A-C); however, 
non-significant trends due to diet were noted. This is similar to findings reported by 
Baker et al. that lavender essential oils did not affect histopathological scoring in the 
colon of C57BL/6 mice inoculated with Citrobacter rodentium (31). Despite this, mice 
fed the control diets experienced the largest peak in crypt depth compared to peak crypt 
depth reached by all other treatments post-inoculation, indicating that alfalfa 
supplementation had a protective effect on colon morphology. At 4dpi, mice fed 
chloroform extracts from both 1st and 5th cutting alfalfa had the shortest crypt depths, 
which further indicates a trend of potential protective impact of chloroform extracts 
 69 
immediately following inoculation (Figure 3.6A). Mice fed chloroform extracts had the 
longest crypt depths at 8dpi, but those fed 5th cutting alfalfa had shorter crypt depths than 
1st cutting (Figure 3.6A and B). This observation is similar to the protective effects of 5th 
cutting alfalfa on BW seen at the same timepoint post-inoculation, regardless of 
supplementation form. Notably, mice fed hay and aqueous extracts from 1st cutting alfalfa 
did not display a reduction in crypt depth from 14-21dpi, while all other treatments 
showed reductions in crypt depth between these timepoints (Figure 3.6C).  
 The overall findings from this study indicate that supplementation form and 
cutting of alfalfa supplementation have an impact on general measures of animal health. 
Histomorphological changes are in accordance to known timelines of C. rodentium, but 
do not provide clear insight into tissue-level responses because they do not evaluate 
changes to colonic cell-types such as innate immune cells and goblet cells that may be 
underlying the morphological response. It is important to note that mice fed hay diets 
consistently ate more but weighed less during later post-inoculation timepoints while 
mice fed chloroform extracts ate similar amounts to the control at later timepoints and 
had improved BW vs. control. These results indicate that compounds enriched in the later 
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Table 3.1: Nutrient composition of experimental diets fed to female C57BL/6J mice for the 14d feed enrichment period and 21d 











% kcal from 
Protein 
% kcal from 
Carbohydrate 
% kcal from 
Fat 
Control  TD.00588 18.2 48.0 5.8 3.2 22.9 60.5 16.6 
         
1st Cutting Hay  TD.170994 18.2 46.4 5.5 3.1 23.7 60.3 16.0 
         
5th Cutting Hay  TD.170995 18.7 47.3 5.5 3.1 23.9 60.4 15.7 
         
1st Cutting 
Aqueous Extract  
TD.170996 18.1 47.9 5.8 3.2 22.9 60.5 16.6 
         
5th Cutting 
Aqueous Extract  
TD.170997 18.1 47.9 5.8 3.2 22.9 60.5 16.6 




TD.170998 18.1 47.9 5.8 3.2 22.9 60.5 16.6 




TD.170999 18.1 47.9 5.8 3.2 22.9 60.5 16.6 







Figure 3.1: Effects of dietary treatments containing different forms of 1st and 5th cutting alfalfa on mouse BW pre- and post-
inoculation with Citrobacter rodentium. Data represent mean BW ± SEM. Key timepoints for blood and tissue sampling are marked 
by black arrows 
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Figure 3.2: Average daily feed intake of mice fed different forms of 1st and 5th cut 
alfalfa. Effects of alfalfa supplementation are separated into (A) form, (B) cutting, and 
(C) the interaction of form ´ cutting. Data are represented as the mean ADFI ± SEM. 
Bars with different letter superscripts are significant at P ≤ 0.05.  
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Figure 3.3: Comparison of the mean BW of mice fed 1st and 5th cutting alfalfa regardless 
of form compared to the control. No differences between each cutting and the control 
were observed.  





























Figure 3.4: Comparison of the mean BW of mice fed different cuttings and forms of 
alfalfa. (A) 1st and 5th cutting alfalfa regardless of alfalfa supplementation form, (B) hay 
and aqueous extract and (C) hay and chloroform extract of alfalfa, regardless of cutting. 
Key timepoints for blood and tissue sampling are marked by black arrows. Data represent 
the mean ± SEM, * = P ≤ 0.05. 













































































Figure 3.5: Effects of each dietary treatment on mouse BW compared to control pre- and 
post-inoculation with Citrobacter rodentium. Data represent the mean BW ± SEM. Key 
timepoints for blood and tissue sampling are marked by black arrows 
 
 















































































































































Figure 3.6: Effect of alfalfa supplementation on colonic crypt depth in mice before (d14) 
and after (d18, 22, 28, 35) inoculation with Citrobacter rodentium. Effects of alfalfa 
supplementation are separated into (A) form, (B) cutting, and (C) the interaction of form 
´ cutting. Data are represented as the mean crypt depth of 35 measurements taken along 
the colon of 2 mice/ treatment ± SEM.  
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 Plant-derived feed ingredients with immunomodulatory properties may improve 
animal health by regulating inflammatory responses and improving recovery post-
inoculation. Feeding alfalfa and its extracts to non-ruminant livestock has resulted in 
immune system improvement. Anecdotal evidence suggests that late-cutting alfalfa may 
confer greater health benefits compared to earlier cuttings. The objective of this study 
was to examine immune responses to a pathogen challenge (Citrobacter rodentium) 
based on alfalfa form and cutting. Female C57BL/6J mice were randomly assigned to 1 
of 7 diets in a 3 x 2 + 1 factorial design consisting of an unsupplemented control (basal), 
or basal diet + one of 3 forms of alfalfa (hay, aqueous, or chloroform extract) from 2 
cuttings (1st or 5th). After a 14d feed adaptation period, 6 mice/ treatment were 





The remaining mice were orally inoculated with Citrobacter rodentium and 4 mice/ 
treatment were euthanized on 4, 8, 14, and 21dpi for blood and tissue sampling. Serum 
cytokines were analyzed using a flow cytometric-based assay and ELISA, while splenic 
immune cell populations were analyzed via flow cytometry. After 14d dietary 
enrichment, both alfalfa extracts increased the percentage of IFN-g+ cells and B-cell 
populations, suggesting that the form of supplementation contributed to a pro-
inflammatory environment and altered adaptive response activity (P < 0.0001). The first 
4dpi were characterized by splenic lymphocyte proliferation in mice fed control diets, 
while 5th cutting alfalfa maintained splenic cell populations and 1st cutting alfalfa 
contributed to early recruitment to peripheral tissues. Chloroform extracts resulted in 
earlier recruitment of IFN-g-producing cells to peripheral tissues, with reduced 
macrophage recruitment to the periphery at 4dpi. Results suggest that the lipid-soluble 
compartment of 5th cutting alfalfa altered early timelines of immune response to C. 
rodentium that may have contributed to protective effects on BW observed in Chapter 3.  
  
Introduction 
 Alfalfa is a legume (Fabacaeae) and a documented source of bioactive 
compounds (1, 2). Immunomodulatory feed ingredients derived from plants have great 
potential for use in livestock production due to their ability to reduce inflammation and/or 
increase pathogen clearance. These compounds are classified as “natural” feed 
ingredients, allowing them to align closely with consumer demands for antibiotic-free, 
“naturally-raised” animal products. Because alfalfa is an established ingredient in 





 A subset of literature has sought to understand alfalfa supplementation in 
monogastric livestock. Laying-type ducks fed 3-9% alfalfa meal had increased 
lymphocyte proliferation without altering serum antibodies or negatively impacting 
performance (3). Laying hens provided with alfalfa as a low-energy feed to induce molt 
showed greater heterophil activity than feed-restricted birds, but it is unclear whether 
these responses are due simply to the presence of feed during physiological stress or 
phytochemical activity (4). Rather than focusing on immunity, whole alfalfa studies in 
swine and poultry have focused on alterations to the microbiome (3, 5). These changes 
are often discussed in the context of fiber content rather than phytochemicals; however, 
the intestinal microbiota and host immune system exist in a complex system wherein both 
influence the composition and functionality of the other (6, 7). Modulation of the immune 
system and intestinal microbiome of non-ruminant livestock species are rarely examined 
together and often emphasize the limited immunological reagents available for in-depth 
analysis of both systems. 
 Another strategy to assess the immunomodulatory function of alfalfa independent 
of fiber is to utilize extracts or singly isolated phytochemicals. Alfalfa extracts are rich 
sources of compounds such as saponins (8), phytoestrogens/ flavonoids (2, 9), and non-
cellulosic polysaccharides (10, 11). Broilers fed diets supplemented with 0.06% crude 
aqueous extract displayed increased lymphocyte proliferation and immune organ weights 
(12), but changes to immunity were not observed in turkeys fed diets with 3% protein-
rich alfalfa concentrate (13). In contrast to observations in turkeys, healthy swine fed 
diets with 3% alfalfa concentrate had increased lymphocyte counts (14). Chloroform 





polysaccharides isolated from the plant reduce expression of pro-inflammatory cytokines 
in cultured murine macrophages (10, 11).  
Saponins from Quillaja saponaria and ginseng enhanced serum IgG and IgA-
secreting cells in the intestine of piglets, poultry, and mice (16-18). Soybean isoflavones 
increased peripheral blood lymphocytes in health-challenged broilers (19) and the 
proportion of cytotoxic T-cells (TC) in weanling pigs during challenge with porcine 
reproductive and respiratory syndrome virus (20). These studies indicate that compounds 
also found in alfalfa may have similar benefits, but the potency of response to the same 
compounds isolated from different legumes means that documented benefits may be 
plant-specific (21).  
While potency of immune response to the same compound varies between plants 
from the same family, additional variation within the same plant occurs as a result of 
several factors such as plant maturity, time of harvest, season, and number of cuttings. 
All of these factors can alter the composition of protein, fiber (22, 23), saponins (8, 24), 
phytoestrogens/ flavonoids (9, 25), and polysaccharides (26, 27). Testimony from swine 
producers provides anecdotal evidence that late-cutting alfalfa confers greater health 
benefits than early-cutting and the forage literature supports changes in 
nutrient/phytochemical profiles between cuttings; however, animal literature rarely 
reports the cutting of alfalfa used and responses to late-cutting hay in animals are unclear.  
 The work presented here is part of a larger study to model responses to different 
forms (whole vs. water- or lipid-soluble extract) of early (1st) and late (5th)- cutting alfalfa 
in terms of the immune system and microbiome. Citrobacter rodentium is a well-





established infection timeline, and published methods (28, 29). Mice were used to 
descriptively evaluate immune and microbiome changes before and after challenge with 
Citrobacter rodentium due to the well-characterized microbiome, wide availability of 
immunological reagents available, and the ability to select dietary treatments of interest 
for future work. The objective of this work was to evaluate changes to serum cytokines 
and splenic immune cells profiles in mice fed ground hay, aqueous, and chloroform 
extracts of 1st or 5th cutting alfalfa before and after health challenge to provide insights 
into potential responses in livestock. Concurrent changes to the microbiome are discussed 
in Chapter 5.  
 
Materials and Methods 
All animal care and use protocols were approved by the Institutional Animal Care and 
Use Committee at Iowa State University.  
 
Diet Preparation, Animals, and Study Timeline 
  Briefly, hay was ground through a 2mm screen in a Wiley mill (Arthur H. 
Thomas Company, Philadelphia, PA) and incorporated in the diet at a 9% inclusion level 
(TD.170994, TD.170995). Aqueous extracts were prepared in a 1:5 ratio of alfalfa: 
deionized water at room temperature (22°C) for 24h. Solid aqueous alfalfa extract was 
obtained by lyophilizing the collected filtrate. Chloroform extracts were prepared in a 1:4 
ratio of alfalfa: chloroform with supplemental heat (40°C) for 72h. Chloroform alfalfa 
extracts were evaporated to dryness to obtain a solid product for inclusion in rodent diets. 





TD.170997) and chloroform extracts (TD.170998; TD.170999) from 1st and 5th cutting 
alfalfa were incorporated in their respective diets at 0.25%. All dietary treatments used in 
this study were formulated to be isocaloric and isonitrogenous and prepared in a pelleted 
form by Envigo Teklad (Madison, WI).  
 One hundred and sixty-three female 6 week old C57BL/6J mice from Jackson 
Laboratories (Bar Harbor, ME) were housed in 45 Innovive cages (Innovive Inc., San 
Diego, CA) with 2-4 mice per cage. Mice within a cage were identified by ear punch and 
given ad libitum access to water and feed. Upon arrival, mice were given a 7d 
environmental acclimation period to allow stabilization following transport and diet 
change. During this time, mice were fed the pelleted Teklad global 18% protein rodent 
diet (TD.00588), which was used as the basal diet for all treatments. Following the 7d 
acclimation period (d0), 9 mice were anesthetized with isoflurane gas and blood was 
collected by brachial artery puncture before euthanasia by cervical dislocation. The 
spleen, large intestine, and cecum were collected for baseline immunological analysis. 
Remaining mice were randomly assigned to 1 of the 7 previously-described dietary 
treatments (22 mice/ treatment).  
 After 14d of feed enrichment, 6 mice/ treatment were anesthetized for blood 
collection and euthanized for tissue sampling as previously described. The remaining 
mice (16/ treatment) were administered 2 x 1010 CFUs of Citrobacter rodentium by oral 
gavage. Citrobacter rodentium inoculum was prepared according to published methods 
(29). Briefly, 15 ml of LB broth were inoculated with Citrobacter rodentium strain 
DBS100 (ATCC 51459; Manassas, VA) and grown overnight in a 37°C incubator with 





sterile PBS. Each 1.5 ml culture was sufficient to infect 6 mice and the protocol was 
scaled to make enough inoculum for the remaining 112 mice. Following the 
administration of 200 µl of inoculum to each mouse, the remaining culture was serially 
diluted and plated to enumerate the number of CFUs administered. Following 
inoculation, 4 mice / treatment were euthanized for blood and tissue sampling at 4, 8, 14, 
and 21dpi. The experiment concluded when the last group of mice was euthanized at 
21dpi. 
 
Serum Cytokine Analysis 
 Blood was collected into amber serum separator tubes (BD, Franklin Lakes, NJ) 
and allowed to clot at room temperature for an hour before being centrifuged at 2,000 
rpm for 10 minutes. Collected serum was stored in two aliquots at -80°C until analysis. 
Cytokine analysis was performed using the LEGENDplex™ Mouse Inflammation Panel 
for IL-1a, IL-1b, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-b, IFN-g, 
TNF-a, and GM-CSF (Cat. No. 740446, BioLegend, San Diego, CA) according to the 
manufacturer’s instructions. Flow cytometric analysis of cytokine-conjugated beads was 
performed using a BDFACSCanto® cytometer™ (BD Biosciences, San Jose, CA). 
BioLegend ELISA MAX™ kits for IL-6 (Cat. No. 431304) and IL-1b (Cat. No. 432604) 
were done using the remaining serum to confirm the results obtained by the 
LEGENDplex™ Mouse Inflammation Panel (BioLegend, San Diego, CA). Serum 
samples for ELISA analysis were diluted 1:1 and allowed to incubate on coated and 
blocked plates for 12 hours. All other steps were performed according to the 






 Mouse spleens were gently homogenized in PBS and passed through a sterile 
70µm strainer. Red blood cells were lysed using ACK lysing buffer (Gibco, Fisher 
Scientific, Hampton, NH) and cells were washed twice in PBS. Obtained cells were 
enumerated using a hemocytometer and frozen in heat-inactivated bovine calf serum 
(BCS) supplemented with 7.5% DMSO at -80°C until analysis.  
 For multi-color flow cytometric analysis of extracellular markers and intracellular 
cytokines, cells were thawed, counted, and cultured overnight in RPMI (Fisher Scientific) 
with 10% BCS and 1X penicillin/streptomycin at 37°C, 5% CO2, and 90% humidity. 
Cells were plated at a density of 10 ´ 106 cells/ well in 24-well culture plates. After 
culturing overnight, cells were counted and cytokine production was stimulated using the 
BioLegend Cell Activation Kit with Brefeldin A prepared according to manufacturer’s 
instructions (Cat. No. 423304) for 4 hours at the previously described culture conditions.  
Following stimulation, cells were collected and aliquoted into flow cytometry tubes and 
blocked for 10 minutes at 4°C using mouse FC block (Cat. No. 553142, BD, San Jose, 
CA) diluted according to manufacturer’s instructions.  Cells were washed in PBS and 
stained for extracellular markers diluted in cell staining buffer (Cat. No. 420201, 
BioLegend). Extracellular markers were: B220 Alexa Fluor® 488 (clone RA3-6B2; rat 
IgG2a,k), F4/80 PerCP-Cy5.5 (clone BM8; rat IgG2a,k), CD11b PE/Cy7 (clone M1/70; 
rat IgG2b,k), CD4 Alexa Fluor® 700 (clone GK1.5; rat IgG2b,k), CD3 Pacific Blue 
(clone 17A2; rat IgG2b,k), Ly-6G Brilliant Violet™ 510 (clone RB6-8C5; rat IgG2b,k), 
and CD8a Brilliant Violet® 785 (clone 53-6.7; rat IgG1a,k; BioLegend). Fluorescence 





non-specific binding. Following incubation at 4°C for 30 minutes in the dark, cells were 
washed in PBS, fixed, and permeabilized using the eBioscience™ Foxp3/ transcription 
factor staining buffer kit (Cat. No. 00-5523-00; Thermo-Fisher Scientific Corporation, 
Carlsbad, CA) according to the manufacturer’s instructions. Cells were stained for 
intracellular cytokines diluted in permeabilization buffer for 30 minutes at room 
temperature in the dark. Antibodies for intracellular cytokines were IFN-g APC (clone 
XMG1.2; rat IgG1,k), TNF-a PE (clone MP6-XT22; rat IgG1,k), IL-17A Brilliant 
Violet™ 650 (clone TC11-18H10.1; rat IgG1,k), and IL-22 Alexa Fluor® 647 (clone 
Poly5164; goat polyclonal IgG; BioLegend). After staining, cells were washed twice in 
permeabilization buffer and resuspended in cell staining buffer. Cells were kept at 4°C in 
the dark until immune cell populations could be analyzed using a BD FACSCanto™ 
cytometer (BD Biosciences). 
 
Statistical Analysis 
 Data were analyzed using the following statistical model:  
!(#)%&' = 	* +	,-.# +	,/0(#)% +	1(#)& +	(,/0	 × 	1)(#)%& + 3(#)%&' 
In this model, y is the dependent variable (cell population), µ is the overall mean, Coni is 
the control effect at the ith level (i=2), Cut(i)j is the fixed effect of alfalfa cutting at the jth 
level (1st or 5th; j=2) nested within the control, F(i)k is the fixed effect of supplementation 
form nested within control at the kth level (hay, aqueous extract, or chloroform extract; 
k=3), (Cut ´ F)(i)jk is the interaction effect between cutting at the jth level and form at the 
kth level nested within the control, and e(i)jkl is the random error. This model was 





performed using PROC MIXED of SAS 9.4 (SAS Institute, Cary, NC). The Satterthwaite 
method for degrees of freedom and the repeated statement by treatment group were used 
to analyze data under the assumption of unequal variance between treatments. 




 The LEGENDplex™ Mouse Inflammation Panel was used to measure serum 
cytokines on d14 (baseline), 4dpi, 14dpi, and 21dpi to correspond with timepoints used 
for flow cytometric analysis. During analysis, measured cytokines were below the 
minimum detectable concentration for most timepoints. When serum cytokines were 
detected, the obtained values represented a minority of the animals (1-2) within a 
treatment timepoint; however, serum concentrations of IL-1b were detectable in all mice/ 
treatment on 4dpi (Figure 1A).  
To further investigate these observations, the remaining serum samples were 
analyzed using ELISA kits for IL-1b and IL-6. As much of the serum for each timepoint 
was used for the LEGENDplex™ assay, additional samples from 8dpi were analyzed to 
include a timepoint representing 4 mice/ treatment. Results of the ELISA re-analysis 
showed similar observations to LEGENDplex™ with much of the samples having 
cytokine concentrations below the minimum detectable limit (Figure 4.1 C, D). As a 
result, statistical analysis could not be performed on serum cytokine concentrations as 







While serum cytokines were not detected in consistent and sufficient 
concentrations by ELISA and LegendPlex assays, intracellular cytokine staining allowed 
for analysis of tissue-specific cytokine responses. Interferon-g is a pro-inflammatory 
cytokine produced by a number of cell types including CD4+ and CD8+ T-cells and 
antigen-presenting cells (30). At a baseline health state, supplementing alfalfa in the diets 
as an aqueous or chloroform extract increased the percentage of IFN-g-producing cells 
over the control by 9.1 and 6.7%, respectively (P < 0.0001; Figure 4.2A). Over the course 
of infection with C. rodentium, hay-supplemented diets showed minor changes to these 
cell populations and the relatively high percentage of IFN-g+ cells maintained in 5th 
cutting hay diets across timepoints was underlying observed differences between 
treatments at 4 and 14dpi (Figure 4.2C). Mice fed chloroform extracts displayed a 20.7% 
reduction in IFN-g+ cells from 0-4dpi to levels 27.0% below the control (P < 0.0001), 
while feeding aqueous extracts resulted in an observed reduction in these cells at the 
same time as the control (4-14dpi). In the last days of the infection, control and aqueous 
diets increased percentages of IFN-g+ cells to pre-inoculation levels, while chloroform 
extracts maintained this cell population at levels 11.9% below pre-inoculation (Figure 
4.2A).  
Co-expression of IFN-g with CD4 or CD8 was used to identify splenic T-cell 
populations underlying observed IFN-g responses. In examining the underlying 
populations of IFN-g+ cells, TH1 (IFN-g+CD4+) cells accounted for 20-30% of cytokine 
production at a baseline health state (Figure 4.3), while IFN-g+CD8+ cells accounted for a 





larger percentages of IFN-g-producing cells in the spleens of mice fed 1st cutting alfalfa 
hay after the feeding enrichment period by 9.2% compared to control. This comparatively 
larger composition of TH1 cells was underlying observed increases in this cell population 
attributed to the main effects of form and cutting (P = 0.003; Figure 4.3C). From 0-4dpi, 
mice fed hay and chloroform extract-diets showed increases in TH1 cells to levels 6.0 and 
6.8% above the control (P < 0.0001), followed by a reduction to levels 4.0 and 3.1% 
below the control at 14dpi (P = 0.03). 
Another pro-inflammatory cytokine, TNF-a, was measured using intracellular 
cytokine staining. This cytokine is produced by a number of different cell types such as 
macrophages and T-cells (31-33). Compared to IFN-g, the percentage of TNF-a+ cells in 
the spleens of healthy mice was considerably lower (~1% compared to ~50-60%). The 
highest percentages of TNF-a+ cells were present in the spleens of mice fed 5th cutting 
alfalfa at a baseline health state (P = 0.0004; Figure 4.4B). From 0-4dpi, all treatments 
showed an increase in the percentage of TNF-a+ cells with the greatest amount of change 
observed in mice fed 1st cutting aqueous and 5th cutting chloroform extracts, which nearly 
doubled (Figure 4.4C).  
While control diets maintained percentages of splenic TNF-a+ cells from 4-14dpi, 
reductions were observed in all alfalfa supplementation forms with aqueous extracts diets 
showing a reduction by half to levels below the control and chloroform extract diets (P = 
0.0005). Notably, the greatest change to this cell population occurred from 14-21dpi with 
increases to levels above those observed pre-inoculation across all treatments. The 
greatest percentages were observed in chloroform extract (P < 0.0001) and 5th cutting 





increase in TNF-a+ cells in mice fed diets with 5th cutting chloroform extracts to levels 
greater than all other treatments (P < 0.0001; Figure 4.4A and B).  
Two different cell types were analyzed for the production of TNF-a to determine 
which populations were responsible for the observed changes: macrophages and 
CD3+CD8+ TC cells. Production of TNF-a is often associated with macrophage activity; 
however only a small percentage of splenic macrophages were TNF-a+ (1-2%) and 
showed only minimal changes over the course of infection (Supplemental Figure A.2; 
Appendix A). At a baseline health state, approximately 5% of TC cells stained positive for 
TNF-a but populations of these cells were not impacted by supplementation form or 
cutting. Notably, percentages of TC TNF-a+ cells increased in the spleen at later 
timepoints during the infection in a pattern similar to overall TNF-a+ cells (Figure 4.5).   
 
Innate Immune Cells 
 Two innate immune cells measured in the spleen were neutrophils and 
macrophages based on their expression of CD11b and other extracellular markers. As 
CD11b is a marker present on B and T lymphocytes in addition to innate immune cells, 
its overall expression is not overly descriptive of splenic immune cells (Supplemental 
Figure A.3; Appendix A). Neutrophils (CD11b+Ly6G+) were detected in the spleens of 
healthy mice at low percentages (3-4%) and did not experience notable changes 
throughout the course of infection (Supplemental Figure A.4; Appendix A).  
Compared to neutrophils, populations of macrophages (CD11b+Ly6G-F4/80+) in 
the spleen were greater, with detected populations accounting for approximately 13-16% 





resulted in splenic macrophages 2.7 and 2.5% below the control (P = 0.0003; Figure 
4.6A). Over the course of the infection, mice fed control diets experienced a 10.8% (2/3) 
reduction in macrophages at 4dpi. From 0-4 dpi, both aqueous and chloroform extracts 
showed a similar decrease in macrophages but to a lesser degree than the control with 5.2 
and 7.1% reductions, respectively, while hay diets showed no change during this time 
(Figure 4.6A). Despite differences in responses, all forms and cuttings had greater 
percentages of macrophages relative to the control at 4dpi (P < 0.0001). Mice fed the 
control diet had a two-fold increase in macrophage populations from 4-14dpi. During this 
time, mice fed hay-supplemented diets had an approximately 50% reduction in 
macrophages to levels below the control while percentages of these cell types were 
maintained by both extract-supplemented diets (P = 0.002; Figure 4.6A).  
At 21dpi, mice fed diets supplemented with aqueous extracts had a 1.5-fold 
increase in macrophages to pre-inoculation levels; however only the 1st cutting aqueous 
extract diet showed recovery while mice fed 5th cutting aqueous extracts had percentages 
of this cell population above pre-inoculation levels (Figure 4.6C). Diets supplemented 
with hay and chloroform extracts showed minimal change in the last days of the infection 
and neither cutting resulted in averages similar to pre-inoculation levels (Figure 4.6A and 
B).  
 
Adaptive Immune Cells 
 The spleen is characterized as a secondary lymphoid organ and maintains discrete 
populations of lymphocytes (34). A large portion of these cells are comprised of B-cells, 





were identified as B-cells (B220+; Figure 4.7). After the 14d feeding enrichment period, 
mice fed both aqueous and chloroform extracts had 13.8% more B-cells than the control 
(P < 0.0001) with an increase in this cell population to levels 10.8% above the control in 
mice fed 5th cutting alfalfa (P < 0.0001; Figure 4.7A and B). At 4dpi, control diets 
showed an 18.6% increase in B-cells, while 5th cutting alfalfa maintained splenic B-cell 
populations. The 50% reduction in B-cells to levels below all other treatments at 4dpi in 
mice fed 1st cutting chloroform extracts was underlying observed reductions in this cell 
population attributed to the main effects of cutting and supplementation form (P < 
0.0001).  
 At 14dpi, B-cell populations in the spleens of mice fed the control diet were 
reduced by almost half (25.6%) to levels below all forms and cuttings of alfalfa (P < 
0.0001). At this timepoint, mice fed diets supplemented with 5th cutting hay maintained 
B-cell populations that were 22.7% greater than the control, while those fed 1st cutting 
chloroform extracts showed a two-fold increase in this cell population (P < 0.0001; 
Figure 4.7C), These anomalous changes were skewing results observed in the main 
effects, with only aqueous extracts and 5th cutting chloroform extract showing consistent 
reductions in B-cell populations at this timepoint to levels similar to the control. In the 
final timepoint of infection, B-cell populations remained below pre-inoculation levels in 
the spleens of mice fed chloroform extracts, while control and aqueous extract diets 
showed recovery at 21dpi (Figure 4.7A).  
 In peripheral blood, expression of CD11b by B-cells is associated with memory 
B-cells and plays a role in their ability to home to sites of infection (35). Populations of 





preferentially recruited to peripheral tissues from the spleen. Throughout the course of 
infection, changes to this cell populations were opposite of observed changes in total B-
cell populations (Supplemental Figure A.5; Appendix A). 
  Changes to overall populations of CD3+ T-cells were similar to those observed in 
B-cells. At a baseline health state, all forms of alfalfa increased splenic T-cell populations 
compared to control, with chloroform extracts having the greatest T-cell presence at 
12.9% (P < 0.0001; Figure 4.8A). At 4dpi, mice fed the control diet had an approximately 
two-fold increase in the percentage of T-cells, while those fed 5th cutting alfalfa 
maintained populations of these cells. All forms of 1st cutting alfalfa showed early 
recruitment of T-cells characterized by a 1/3 reduction to levels below both the control 
and 5th cutting alfalfa diets (P < 0.0001; Figure 4.8A). At 14dpi, mice fed the control 
diets experienced a 50% reduction in T-cells. Mice fed 5th cutting alfalfa showed a 
similar reduction in this population while those fed 1st cutting alfalfa showed further 
reductions to levels maintained below control and 5th cutting alfalfa (P < 0.0001). In the 
last day of the infection period (21dpi), all treatments showed increases in T-cell 
populations towards pre-inoculation levels, but only mice fed 5th cutting chloroform 
extract showed a return to levels above the control by 4.4% (P < 0.0001).  
 T-cell populations were further divided into CD3+CD4+ TH and CD3+CD8+ TC 
subpopulations to identify which were responding to alfalfa supplementation and C. 
rodentium infection. Notable differences in TH populations between treatments were not 
observed after the feeding enrichment period and changes over the course of the infection 
were consistent across treatments (Figure 4.9). In contrast, changes to TC cells roughly 






 This study aimed to assess immunological changes in response to dietary alfalfa at 
systemic and tissue-specific levels. Analysis of serum cytokines was intended to 
determine systemic immune responses before and after inoculation; however, both 
LEGENDplex™ and ELISA assays suggested that tissue-specific assays were more 
useful in the context of a localized infection.  
 While the results obtained from serum analysis were unreliable for modeling 
systemic responses, extracellular cytokine staining showed responses in the spleen at a 
tissue level. Differential levels of inflammatory IFN-g and TNF-a production in the 
spleen were observed with the former being more responsive to alfalfa form and the latter 
being impacted by cutting in healthy mice. Supplementation form may contribute to a 
more pro-inflammatory environment, as production of IFN-g was substantially greater 
than TNF-a. In terms of cytokine production, alfalfa extracts contributed to a more 
inflammatory environment at a baseline health state by increasing the percentages of 
IFN-g+ cells, suggesting that that non-fiber compounds enriched in alfalfa extracts shift 
baseline immunity toward a more inflammatory state.  
In addition to changes in cytokine production, alfalfa supplementation elicited 
changes to lymphocyte populations in healthy mice that were consistent observations in 
swine and poultry fed alfalfa meal or aqueous extracts (3, 12, 14). Increases to T-cell 
populations were increased by all forms of supplementation, whereas 5th cutting extracts 
increased B-cell populations at a baseline health state. Generally, these shifts toward a 





similarities in BW and ADFI observed across all treatments (Chapter 3) indicate that 
increases in IFN-g and lymphocyte populations did not negatively impact overall health. 
During infection with C. rodentium, percentages of colonic neutrophils peak at 
4dpi, while macrophages peak at 14dpi. The number of B-cells in the colon is increased 
at 8dpi, while percentages of both TH and TC peak at 14dpi. At 21dpi, colonic percentages 
of innate immune cells return to pre-inoculation levels, whereas lymphocyte populations 
begin to decrease but remain elevated (28, 29). Due to the low cell numbers that can be 
obtained from the mouse colon and the large number of extracellular and intracellular 
markers used in this study, immune cell populations during infection were assessed in the 
spleen and isolated colon cells were saved for later pooled analyses. Citrobacter 
rodentium is characterized by an infection that is limited to the colon and is not known to 
colonize the spleen, which limits our understanding of the spleen’s role during infection 
(36). Given the spleen’s role in initiating innate and adaptive immune responses to 
infection, reductions in splenic cell populations may indicate recruitment to sites of 
infection in the peripheral tissues (34).  
More changes to the immune response to C. rodentium were observed in the early 
timepoints of infection as a result of alfalfa supplementation. Chloroform extracts 
contributed to earlier recruitment of IFN-g+ cells at 4dpi, which was 10d earlier than mice 
fed control and aqueous extracts. Responses to C. rodentium are characterized by IFN-g 
production and the TH1 response associated with this cytokine (37). While changes to 
TH1 (IFN-g+CD4+; Figure 4.3) cells were observed in the spleen, overall TH populations 
(CD3+CD4+; Figure 4.8) did not display a reduction associated with recruitment to 





in overall IFN-g-producing cells in the spleen and TH1 activity during infection was more 
localized to the colon. These observations combined suggest that early reductions to IFN-
g+ populations in the spleens of mice fed chloroform extracts were due to the activity of 
innate immune cell populations, rather than adaptive TH1 cells.  
Changes to specific innate immune cell populations were less notable during the 
early stages of infection. Neutrophils (CD11b+Ly6G+) are found in high numbers in 
circulation but were detected at low percentages (3-4%) in the spleen (Supplemental 
Figure 4) (38). While statistical differences are reported between treatments throughout 
the study, the low presence of neutrophils in the spleen suggests that observed 
fluctuations may have had little biological impact and splenic neutrophil populations did 
not contribute to a local C. rodentium response.  
Changes to macrophage populations may have had more biological relevance 
during infection, with supplementation form altering timelines of response. In the first 
4dpi, aqueous and chloroform extracts reduced the magnitude of macrophage recruitment 
compared to the control while hay diets did not show evidence of recruitment until 14dpi. 
This delayed response may have contributed to the detrimental effects on mouse BW 
observed in mice fed hay-supplemented diets (Chapter 3), but changes to the magnitude 
of response in either extract diet likely did not impact BW in early timepoints post-
inoculation. Over the course of the infection period, aqueous extracts showed 
macrophage recovery while chloroform extracts maintained low percentages of this 
population over the course of infection. While recovery observed in mice fed aqueous 





3) between control and aqueous extract diets at later timepoints suggest that changes to 
this population did not translate to improvements in mouse BW.   
While form had more of an impact on cytokine production and innate immune 
cell populations, cutting had a greater impact on timelines associated with adaptive 
immune cell responses. At 4dpi, control diets showed splenic lymphocyte proliferation in 
response to C. rodentium while 5th cutting alfalfa maintained these cell populations. 
Notably, 1st cutting alfalfa contributed to early recruitment of adaptive cell populations at 
a timepoint 10d earlier than expected (Figures 4.7 and 4.8).  
A majority of the cells measured in the spleen were identified as B-cells and 
changes to these populations during the course of infection varied between 
supplementation forms at later timepoints. Notably, hay diets did not show a reduction in 
splenic B-cells over the course of infection indicating that B-cells were not recruited from 
the spleen to peripheral sites of infection. This lack of a response may have detrimentally 
impacted the BW responses of mice fed hay as they had lower average BW compared to 
the control during late-infection timepoints that would be characterized by an adaptive 
response. By the end of the infection, control and aqueous extract diets showed recovery 
of B-cell populations, but BW results suggest that this recovery did not confer greater 
weight gain by the end of the trial. Feeding chloroform extracts kept splenic B-cells at 
reduced levels over the course of infection, which suggests maintenance of an adaptive 
response that translated to increased BW over control in the final days of infection 
(Chapter 3). Changes to T-cells were similar to B-cells over the course of the infection, 
suggesting that these results are consistent across lymphocyte populations. The 





with the effects of form at later stages may have contributed to the protective effects on 
BW in mice fed 5th cutting chloroform extract in the early days of infection and improved 
BW over control in later timepoints (Chapter 3).  
 Changes to underlying lymphocyte populations detail subpopulations contributing 
to the observed responses. The inverse relationship between overall B-cells and 
B220+CD11b+ memory B-cells suggests that memory B-cells were not proliferating and 
migrating from the spleen in response to alfalfa supplementation and C. rodentium 
infection (Supplemental Figure A.4; Appendix A). As previously discussed, TH 
subpopulations were not recruited from the spleen over the course of infection, indicating 
that general TH responses did not involve recruitment from the spleen and were tissue-
specific during C. rodentium infection (Figure 4.9). In the colon, TH17 and TH22 cell 
populations characterized by the production of IL-17 and IL-22, respectively, contribute 
to clearance of C. rodentium infection (39, 40). The presence of these cytokines was not 
detected in the spleen and serum, suggesting that involvement of TH17 and TH22 cells in 
C. rodentium clearance is limited to the colon. In contrast, changes to TC cells roughly 
corresponded to changes in overall T-cell populations suggesting that these cells were 
underlying the observed changes in T-cell populations and may identify the spleen as a 
potential source of TC cells during C. rodentium infection (Figure 4.10).  
 Overall, the results of this study suggest that the lipid soluble compartment of 5th 
cutting alfalfa contributes to a more pro-inflammatory environment at a health state, 
which contributes to altered timelines of response during C. rodentium infection. These 
responses may have contributed to observed protective and beneficial impacts on mouse 
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Figure 4.1: Serum cytokine analysis of (A) IL-1b and (B) IL-6 by the BioLegend 
LegendPlex assay. Due to a large number of samples with concentrations below the 
minimum readable range for the assay, concentrations of (C) IL-1b and (D) IL-6 were re-
analyzed by ELISA.  
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Figure 4.2: Percentage of IFN-g-producing cells in the spleens of mice fed hay, aqueous, 
and chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa supplementation 
are separated into (A) form, (B) cutting, and (C) the interaction of form ´ cutting. Data 
are represented as the mean percentage of IFN-g+ cells within the live cell gate ± SEM. 
Bars with different superscripts are significantly different at P ≤ 0.05. The dashed line 
separates the end of the feeding-enrichment period and the start of the infection period.  
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Figure 4.3: Percentage of T-helper 1 (TH1; IFN-g+CD4+) cells in the spleens of mice fed 
hay, aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa 
supplementation are separated into (A) form, (B) cutting, and (C) the interaction of form 
´ cutting. Data are represented as the mean percentage of CD4+ cells within the IFN-g+ 
cell gate ± SEM. Bars with different superscripts are significantly different at P ≤ 0.05. 
The dashed line separates the end of the feeding-enrichment period and the start of the 
infection period.  
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Figure 4.4: Percentage of TNF-a-producing cells in the spleens of mice fed hay, 
aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa 
supplementation are separated into (A) form, (B) cutting, and (C) the interaction of form 
´ cutting. Data are represented as the mean percentage of TNF-a+ cells within the live 
cell gate ± SEM. Bars with different superscripts are significantly different at P ≤ 0.05. 
The dashed line separates the end of the feeding-enrichment period and the start of the 
infection period. 
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Figure 4.5: Percentage of TNF-a-producing CD3+CD8+ T-cytotoxic (TC) cells in the 
spleens of mice fed hay, aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. 
Effects of alfalfa supplementation are separated into (A) form, (B) cutting, and (C) the 
interaction of form ´ cutting. Data are represented as the mean percentage of TNF-a+ 
cells within the TC cell gate ± SEM. Bars with different superscripts are significantly 
different at P ≤ 0.05. The dashed line separates the end of the feeding-enrichment period 
and the start of the infection period. 
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Figure 4.6: Percentage of macrophages (CD11b+Ly6G-F4/80+) in the spleens of mice fed 
hay, aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa 
supplementation are separated into (A) form, (B) cutting, and (C) the interaction of form 
´ cutting. Data are represented as the mean percentage of cells within the CD11b+ cell 
gate ± SEM. Bars with different superscripts are significantly different at P ≤ 0.05. The 
dashed line separates the end of the feeding-enrichment period and the start of the 
infection period. 
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Figure 4.7: Percentage of B-cells (B220+) in the spleens of mice fed hay, aqueous, and 
chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa supplementation are 
separated into (A) form, (B) cutting, and (C) the interaction of form ´ cutting. Data are 
represented as the mean percentage of cells within the live cell gate ± SEM. Bars with 
different superscripts are significantly different at P ≤ 0.05. The dashed line separates the 
end of the feeding-enrichment period and the start of the infection period. 
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Figure 4.8: Percentage of T-cells (CD3+) in the spleens of mice fed hay, aqueous, and 
chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa supplementation are 
separated into (A) form, (B) cutting, and (C) the interaction of form ´ cutting. Data are 
represented as the mean percentage of cells within the live cell gate ± SEM. Bars with 
different superscripts are significantly different at P ≤ 0.05. The dashed line separates the 
end of the feeding-enrichment period and the start of the infection period. 
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Figure 4.9: Percentage of T helper cells (TH; CD3+CD4+) in the spleens of mice fed hay, 
aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa 
supplementation are separated into (A) form, (B) cutting, and (C) the interaction of form 
´ cutting. Data are represented as the mean percentage of cells within the CD3+ cell gate 
± SEM. Bars with different superscripts are significantly different at P ≤ 0.05. The 
dashed line separates the end of the feeding-enrichment period and the start of the 
infection period. 
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Figure 4.10: Percentage of T cytotoxic cells (TC; CD3+CD8+) in the spleens of mice fed 
hay, aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa 
supplementation are separated into (A) form, (B) cutting, and (C) the interaction of form 
´ cutting. Data are represented as the mean percentage of cells within the CD3+ cell gate 
± SEM. Bars with different superscripts are significantly different at P ≤ 0.05. The 
dashed line separates the end of the feeding-enrichment period and the start of the 
infection period. 
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 Our understanding of complex interactions between microbial communities and 
the host has increased exponentially in the last 10 years. Published evidence indicates that 
feeding whole and extracted alfalfa can beneficially modulate the intestinal microbiota of 
swine and poultry, with anecdotal reports suggesting greater improvements to overall 
health when a later cutting of the plant is fed. Varying responses between 
supplementation forms combined with limitations in our knowledge of livestock 
intestinal microbiota do not provide clear insights into the source and function of 
community-altering compounds isolated from alfalfa. The objective of this study was to 
examine changes to the microbiota of healthy and pathogen-challenged mice in response 
to supplementing whole and extracted early (1st) and late (5th) cutting alfalfa. Female 





unsupplemented control and diets supplemented with ground hay, aqueous, and 
chloroform extracts of 1st and 5th cutting alfalfa. After a 14d feeding enrichment period, 6 
mice/ treatment were euthanized for colon digesta collection and the remaining animals 
were orally inoculated with Citrobacter rodentium. At 4, 14, and 21dpi, 4 mice/ treatment 
were euthanized for digesta collection. Colonic microbial communities were 
characterized by 16S rRNA gene amplicon sequencing with analyses conducted at a 
whole-community and operational taxonomic unit (OTU) level using ANOSIM and 
LEfSe, respectively. After dietary enrichment (14d), mice fed hay-supplemented diets 
had the highest numbers of significantly different OTUs, likely related to the fiber 
content of the diet. Fifth cutting hay and chloroform extracts increased the relative 
abundance of OTUs associated with highly-abundant and potentially-beneficial 
Muribaculaceae. Following infection with C. rodentium, only mice fed 5th cutting 
chloroform extracts showed significant reductions in pathogen abundance compared to 
control (P = 0.02). Fifth cutting chloroform extracts increased potentially beneficial 
Turicibacter and Akkermansia relative abundance compared to control at later dpi 
timepoints (P = 0.02). These results suggest that lipid-soluble compounds in 5th cutting 
alfalfa had the greatest beneficial effects on the murine colon microbiota at timepoints 
pre- and post-infection with C. rodentium.  
 
Introduction 
 Plant-sourced feed additives offer the potential to improve animal health through 
non-invasive administration of bioactive components in the diet. These additives can 





regulate inflammation, or through indirect action on the intestinal microbiota (1, 2). 
Alfalfa, a perennial legume forage used predominantly in ruminant livestock production, 
is associated with a number of health benefits (3). The high fiber content of alfalfa may 
beneficially modulate the intestinal microbiota by providing a substrate for microbial 
fermentation; however, this also limits its use in non-ruminant livestock feed by reducing 
the dietary energy content (4, 5). Additionally, alfalfa can be harvested multiple times a 
year, potentially changing nutrient and phytochemical profiles between cuttings that may 
differentially influence microbial communities. Studies characterizing the specific effects 
of alfalfa supplementation on the intestinal microbiota in these species are limited and do 
not address differences between cuttings. In poultry, alfalfa meal included in the diets of 
meat-type ducks at 3-9% increased species richness and diversity in both cecal digesta 
and excreta, while diets containing 15% alfalfa meal decreased the relative abundance of 
Turicibacter in swine (6, 7). Similarly, lower 1.5% inclusion levels of alfalfa meal altered 
microbial communities at the genus level in the cecum and colon of suckling pigs while 
reducing the abundance of pathogenic bacteria compared to other fiber sources (8).  
 To circumvent digestibility reductions associated with high dietary fiber in 
poultry, alfalfa extracts can enrich diets with phytochemicals that would otherwise be 
limited; however, their specific effects on the microbiota are scarcely reported (9-13). 
These extracts contain phytochemicals such as saponins (14, 15), flavonoids (16, 17), and 
non-cellulosic polysaccharides (18, 19), each with documented effects on the intestinal 
microbiota. In rodent models, saponins from different sources increased the relative 
abundance of Lactobacillus and Bifidobacterium and altered the relative abundance of the 





 Similar outcomes are observed in mouse models of obesity, colitis, and diabetes 
due to administration of the flavonoid quercetin and polysaccharides from herbs used in 
traditional medicine (22-25). These reports suggest that compounds found in alfalfa may 
beneficially modulate the intestinal microbiota, but they lack consistency in the plant 
source and disease model used. Even within alfalfa literature, discrepancies in whether 
alfalfa is administered as a crude extract (water- or lipid-soluble) or hay do not provide 
insights into the source of health-promoting compounds within the plant.    
 Alfalfa offers a potential source of bioactive compounds for use in monogastric 
nutrition, but a lack of reagents available to descriptively assess changes to the immune 
system and microbiota limits the use of livestock models. Mice were therefore selected to 
assess these responses because of the widely-available and diverse set of immunological 
reagents available and their well-characterized microbiome (26, 27). The results 
presented here are part of a larger study to examine the effects of supplementing various 
forms and cuttings of alfalfa on overall health parameters, the immune system, and 
intestinal microbiota in healthy and pathogen-challenged mice. Citrobacter rodentium is 
rodent-specific, has well-documented impacts on the intestinal microbiota, a known 
timeline of infection, and colonizes the rodent digestive tract better than other challenge 
pathogens such as Salmonella or Escherichia coli (28-30). The objective of this study 
was to assess changes to the colonic microbiota of mice fed early (1st) and late (5th) 
cutting alfalfa in the form of hay, aqueous extract, and chloroform extract at a baseline 
health state and during infection with C. rodentium to model responses for future 






Materials and Methods 
 All animal protocols described in this study were approved by the Iowa State 
University Institutional Animal Care and Use Committee. 
 
Experimental Design 
  163 6-week-old female C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) 
were housed in 45 Innovive cages (Innovive Inc., San Diego, CA), with 2-4 mice/ cage. 
Upon arrival, mice were given a 7d acclimation period to allow the intestinal microbiota 
to stabilize following transportation and diet change. On d0, 9 mice were euthanized and 
colon digesta was collected for baseline microbiota analysis. The remaining mice were 
assigned to 1 of 7 dietary treatments (22 mice/ treatment) consisting of the Teklad Global 
18% protein diet (Envigo, Huntingdon, UK) with or without supplementation of alfalfa in 
3 forms (hay, aqueous extract, and chloroform extract) of early (1st) and late (5th) cutting 
alfalfa. All diets were formulated and prepared by Teklad Envigo (Madison, WI) to be 
isocaloric and isonitrogenous. The basal diet (TD.00588) without alfalfa was used as a 
control and ground 1st and 5th cutting hay was incorporated into the diet at a 9% inclusion 
level (TD.170994, TD.170995). Aqueous alfalfa extract was prepared in a 1:5 ratio of 
alfalfa:water for 24h and solid extract was obtained by freeze-drying the collected filtrate. 
Chloroform alfalfa extract was prepared using a 72h extraction at a 1:4 ratio of 
alfalfa:chloroform with supplemental heat (40°C) and evaporating the chloroform out of 
the filtrate to obtain a solid product. Extracts were incorporated into their respective diets 





 After a 14d feed adaptation period, 6 mice/ treatment were euthanized for 
collection of the colon digesta. The remaining mice (16/ treatment) were orally 
inoculated with 2 ´ 1010 CFUs of C. rodentium strain DBS100 (ATCC 51459, Manassas, 
VA). Preparation of C. rodentium inoculum was done according to published methods 
(29). Briefly, LB was inoculated with C. rodentium and grown at 37°C with shaking at 
200rpm overnight. Cultures were centrifuged at 3,000g at 4°C for 10 minutes and 
resuspended in 1.5ml sterile PBS. Each 1.5ml suspension of C. rodentium was sufficient 
to inoculate 6 mice and the amounts were scaled to produce sufficient inoculum to infect 
112 mice. Following administration of 200µl of inoculum/ mouse, the remaining culture 
was serially diluted and plated on LB agar to enumerate CFUs.  
 Following inoculation, 4 mice/ treatment were euthanized at 4, 8, 14, and 21dpi 
for colon digesta collection. Euthanasia occurred in a biosafety cabinet and digesta was 
collected into sterile microtubes within a laminar flow hood. Digesta was stored at -80°C 
until analysis.  
 
DNA Extraction and Sequencing 
 DNA extraction from the colon digesta was performed using the DNeasy 
PowerLyzer PowerSoil Kit (Qiagen, Hilden, Germany) according to the manufacturer’s 
instructions. Extracted DNA was quantified using a Nanodrop 2000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA) and kept at -20°C. Prior to PCR amplification 
and sequencing, extracted DNA was diluted to approximately 30ng/µl and plated on a 
microtiter plate. Microbiota sequencing was conducted using a protocol designed to 





(31). Briefly, genomic DNA from each sample was amplified using Platinum™ Taq 
DNA Polymerase (Thermo Fisher Scientific, Waltham, MA) with one replicate per 
sample using universal 16S rRNA gene bacterial primers  [515F (5′-
GTGYCAGCMGCCGCGGTAA-3′;(32), and 806R (5′-
GGACTACNVGGGTWTCTAAT-3′; (33)] for the variable region V4, as previously 
described (34). All samples underwent PCR with an initial denaturation step at 94°C for 3 
min, followed by 45s of denaturing at 94°C, 20s of annealing at 50°C, and 90s of 
extension at 72°C. This was repeated for 35 total PCR cycles and finished with a 10 min 
extension at 72°C. PCR products were then purified with the QIAquick 96 PCR 
Purification Kit (Qiagen Sciences Inc, Germantown, MD) according to the 
manufacturer’s recommendations. PCR bar-coded amplicons were mixed at equal molar 
ratios and used for Illumina MiSeq paired-end sequencing with 150 bp read length and 
cluster generation with 10% PhiX control DNA on an Illumina MiSeq platform (Illumina 
Inc., San Diego, CA). After sequencing, corresponding overlapping paired-end reads 
were stitched to get an approximate amplicon size of 255 bp. 
 
Microbiota Sequencing Data Analysis 
 Sequencing data were assessed for quality and screened using mothur (v.1.40.04; 
(35). Prior to clustering into OTUs, paired-end reads were merged and sequences with 
ambiguous bases were removed. Sequences shorter than 250bp and longer than 255bp 
were removed, in addition to sequences with > 8 homologous bases. Sequences were then 
randomly subsampled to 32,000 sequences/ sample. Unique sequences meeting these 





those within 2 mismatches of the aligned sequences were also removed before sequences 
were clustered into OTUs at a 97% similarity cut-off, resulting in a total of 495,503 
OTUs. The SILVA SSU reference database version 132 was used as taxonomic reference 
for the OTUs (36). Whole community comparisons were done using analysis of 
similarities (ANOSIM), while differences between treatments at an OTU level were 
analyzed using linear discriminant analysis (LDA) effect size (LEfSe; 37). 
 
Kirby-Bauer Plates 
 The disc diffusion method was used to test the alfalfa extracts for antimicrobial 
properties. Solid aqueous and chloroform extracts of 1st and 5th cutting alfalfa were 
dissolved in their respective solvents to create 2.5% (w/v) solutions and serially diluted 
ten-fold to obtain two additional concentrations of test extract. Citrobacter rodentium 
was cultured overnight in LB media and 250µl was plated onto LB agar. Filter discs were 
ethanol-sterilized and placed onto the plates with C. rodentium before 20µl of each 
extract was pipetted directly onto the disc. All extracts were plated in duplicate in 
addition to negative controls for each solvent. Plates were cultured overnight at 37°C and 
assessed for the presence of a zone of inhibition (ZOI) around each filter disc.  
 
Results 
Ground Alfalfa Hay 
 Whole-community analysis of the colon microbiota by ANOSIM is presented in 
Table 5.1. At a baseline health state (d14), both 1st and 5th cutting alfalfa hay altered the 





respectively). During the infection period, mice fed 1st cutting hay showed differences 
from the control and 5th cutting hay at a whole community level at 4dpi and differences 
from control at 21dpi (P = 0.03; Table 5.1). Of the 200 most abundant OTUs detected in 
the mouse colon, most were associated with Muribaculaceae, Lachnospiraceae, and 
Ruminococcaceae. The presence of C. rodentium was confirmed and identified as OTU 
14 using Seqmatch (https://rdp.cme.msu.edu/seqmatch/). A heatmap of the 30 most 
abundant OTUs in mice fed the control, 1st cutting hay, and 5th cutting hay is presented in 
Figure 5.1. Additional results of LEfSe analysis for the 200 most abundant OTUs are 
presented in Tables B.1-B.12 in Appendix B.  
At a baseline health state, feeding 1st and 5th cutting alfalfa hay resulted in 158 
and 160 significantly different OTUs compared to control, respectively. After the 
enrichment period, 1st cutting hay increased the relative abundance of Lachnospiraceae 
(OTUs 26, 34, 43, and 47) while 5th cutting increased both Muribaculaceae (OTUs 24, 
30, 37, 45, and 48) and Lachnospiraceae (OTUs 16, 34, 47, and 49) compared to control 
(Tables B.1 and B.2). In addition to increasing the relative abundance of highly-
represented genera, feeding 1st cutting hay increased the relative abundance of 
Akkermansia (OTU 8; P = 0.03) 6.6- and 2.8-fold and Anaeroplasma (OTU 28; P = 0.04) 
compared to the control and 5th cutting hay diets, respectively (Figure 5.1). In addition to 
changing the abundance of OTUs associated with Muribaculaceae, 5th cutting hay 
reduced the relative abundance of Ruminococcus (OTU 41; P = 0.03) relative to control 
(Table B.2).  
 At 4dpi, 1st cutting alfalfa hay caused shifts at the whole-community level that 





fed 5th cutting hay had 170 significantly different OTUs. Underlying these changes were 
increases to the relative abundance of highly abundant OTUs associated with 
Muribaculaceae (OTUs 1, 2, 3, 11, 24, 30) in mice fed 1st cutting hay compared to 
control, while 5th cutting hay only increased Muribaculaceae OTUs 1 and 18. In addition 
to changes to Muribaculaceae, 1st cutting hay increased the relative abundance of 
Lactobacillus (OTU 5; P = 0.02) while reducing the relative abundance of Bacteroides 
(OTUs 6 and 32) and Oscillibacter (OTU 31) compared to control (P = 0.02; Table B.4). 
While feeding 5th cutting hay did not significantly impact the composition of the whole 
community at 4dpi, mice fed these diets had increased relative abundance of 
Parasutterella (OTU 20; P = 0.02) and decreased abundance of Alistipes (OTU 9) 
compared to the control and 1st cutting hay diets (P = 0.02; Figure 5.1).  
 In contrast with other timepoints, diets containing either cutting of hay did not 
result in significant shifts to overall communities relative to control at 14dpi; however, 
feeding 5th cutting hay resulted in 341 significantly different OTUs compared to control 
and 1st cutting only altered 137 OTUs. Feeding 1st cutting alfalfa decreased the relative 
abundance of Bacteroides (OTU 32; P = 0.04), relative to control and Dobusiella (OTU 
4) compared to both the control and 5th cutting hay (P = 0.02; Tables B.7 and B.9). 
Feeding 5th cutting hay increased the relative abundance of Turicibacter (OTU 13; P = 
0.02) by 13.7-fold compared to control and Bifidobacterium (OTU 21) compared to both 
the control and 1st cutting hay (P = 0.02; Figure 5.1).  
 In the last timepoint of infection, mice fed 1st cutting hay had 181 significantly 
different OTUs compared to control while those fed 5th cutting differed from control by 





infection, with 1st cutting hay increasing the relative abundance of Muribaculaceae OTU 
3 (P = 0.02; Figure 5.1). Feeding 1st cutting hay increased relative abundance of 
Ruminococcus (OTU 41; P = 0.02) compared to control accompanied with a reduction in 
Anaeroplasma (OTU 28; P = 0.04; Table B.10). Mice fed 5th cutting hay had increased 
relative abundance of Romboutsia (OTU 39) compared to control and 1st cutting hay (P = 
0.02; Tables B.11 and B.12). Interestingly, while no differences in Turicibacter (OTU 
13) were observed between 1st or 5th cutting hay and the control, mice fed 5th cutting hay 




 At a whole community level, feeding 5th cutting aqueous extracts resulted in 
differences between whole communities compared to control and 1st cutting aqueous 
extract after 14d of feeding enrichment (P = 0.05 and 0.04, respectively). In the first 4d 
post-inoculation, both aqueous extracts had different whole microbial communities 
compared to control, with additional differences between 1st and 5th cutting extracts (P = 
0.03). In the last timepoint of the infection (21dpi) mice fed 5th cutting aqueous extract 
had a different microbial composition compared to control and 1st cutting aqueous extract 
(P = 0.03; Table 5.2).  
  OTU-level analysis at a baseline health state (d14) showed that mice fed 1st 
cutting aqueous extracts had 109 significantly different OTUs compared to control, 
whereas mice fed 5th cutting aqueous extract had 138 significantly different OTUs. Minor 





aqueous extracts increasing the relative abundance of Lachnospiracea OTUs 15 and 12, 
respectively (P = 0.05 and 0.04, respectively). Similar to ground hay diets, a heatmap of 
the 30 most abundant OTUs in the colons of mice fed the control and both aqueous 
extract diets is presented in Figure 5.2. Complete results of the LEfSe analysis for the 200 
most abundant OTUs in mice fed aqueous extract diets is presented in Tables B.13-B.24 
in Appendix B.  
 At 4dpi, mice fed 1st cutting aqueous extract had 334 significantly different OTUs 
from the control, while mice fed 5th cutting alfalfa had 169 different OTUs. Compared to 
the control, 1st cutting aqueous extract increased the relative abundance of OTUs 
associated with Muribaculaceae (OTUs 3, 10, 11, and 24) and Lachnospiraceae (OTUs 
38, 43, and 47) while 5th cutting only increased Lachnospiraceae (OTUs 7, 29, 38, and 
40) compared to the control (Tables B.13 and B.14).  In addition to changes in highly-
represented genera, 1st cutting aqueous extract increased Lactobacillus (OTU 5; P= 0.01) 
compared to control and Romboutsia (OUT 39) compared to control and 5th cutting 
extract (P= 0.01 and 0.02, respectively; Table B.13). Mice fed 5th cutting aqueous extract 
had reduced relative abundance of Ruminiclostridium (OTU 42) compared to control and 
1st cutting extract (P = 0.02; Tables B.14 and B.15).  
 Fewer changes were found between the extracts at 14dpi, with 1st and 5th cutting 
aqueous extracts having 131 and 112 significantly different OTUs compared to control, 
respectively. Both extracts increased the relative abundance of Lachnospiraceae OTU 40 
compared to control (P = 0.02), but 5th cutting aqueous extract also increased the relative 
abundance of Lachnospiraceae OTU 34 and Muribaculaceae OTU 11 (P = 0.04 and 





 In the last timepoint of the infection, mice fed 1st cutting aqueous extract had 70 
OTUs significantly differ from the control, while those fed 5th cutting extract had 169 
different OTUs. Mice fed 1st cutting aqueous extract had 3.7-fold increased relative 
abundance of Akkermansia (OTU 8) and reduced Bifidobacterium (OTU 21) compared to 
control (P = 0.03; Figure 5.2). Feeding 5th cut aqueous extract reduced the relative 
abundance of Turicibacter (OTU 13) 10.3-fold and Anaeroplasma (OTU 28) compared to 
the control diet (P = 0.02 and 0.04) and Dubosiella (OTU 4) compared to the control and 
1st cutting extract (P = 0.02 and 0.03, respectively; Figure 5.2).  
 
Chloroform Extracts 
 Throughout the trial, 1st cutting chloroform extracts did not differ from control in 
terms of whole community comparisons as determined by ANOSIM. Feeding diets 
supplemented with 5th cutting chloroform extract altered the intestinal microbiota at a 
whole-community levels compared to control and 1st cutting chloroform extract at a 
baseline health state (P = 0.04) and at 4dpi (P = 0.03). Chloroform extracts of 5th cutting 
alfalfa did not alter the microbiome at a whole-community level at later timepoints of C. 
rodentium infection (14 and 21dpi; Table 5.3). A heatmap of the 30 most abundant OTUs 
in the colons of mice fed the control and chloroform extract diets is presented in Figure 
5.3 along with LEfSe analysis of the 200 most abundant OTUs in Tables B.25-B.36 in 
Appendix B.  
 At a baseline health state, 5th cutting chloroform extracts had 143 significantly 
different OTUs compared to control, which is greater than the 99 different OTUs 





altered OTUs, 1st cutting chloroform extract reduced the relative abundance of 
Romboutsia (OTU 39; P = 0.02) and Faecalibaculum (OTU 136; P = 0.05) , while 
feeding 5th cutting chloroform extract increased the relative abundance of more highly 
abundant OTUs associated with Muribaculaceae (OTUs 1, 18, 22, 27) out of the 200 
most abundant (Tables B.25 and B.26). In particular, 5th cutting chloroform extract 
increased the relative abundance of Muribaculaceae OTUs 1, 22, and 27 over both the 
control and 1st cutting chloroform diets, which may be contributing to the significantly 
altered overall community (Figure 5.3).  
 In the earliest timepoint of infection (4dpi), feeding 1st cutting chloroform extracts 
resulted in 36 different OTUs from the control whereas 5th cutting extract resulted in 294 
significantly different OTUs from the control. These changes are likely due to the greater 
relative abundance of 18 OTUs associated with Muribaculaceae and 8 associated with 
Lachnospiraceae in mice fed 5th cutting chloroform extracts (Table B.29). In contrast, 
feeding 1st cutting chloroform extract did not increase the relative abundance of any 
OTUs associated with either of these genera, but reduced the relative abundance of 
Eryspelatoclostridium (OTU 52) and Roseburia (OTU 81; P =0.03; Table B.28). In 
addition to increasing OTUs associated with Muribaculaceae, 5th cutting chloroform 
extract reduced the relative abundance of Parasutterella (OTU 20; P = 0.04) and 
Bifidobacterium (OTU 21) compared to control (P = 0.02; Figures 5.3). The most notable 
change observed at 4dpi was the 17- and 13-fold reduction in the median and average 
relative abundance of C. rodentium (OTU 14), respectively, in the colons of mice fed 5th 





 At 14dpi, the number of significantly different OTUs between both chloroform 
extracts and the control did not differ greatly, with 127 different OTUs in mice fed 1st 
cutting chloroform extract and 135 in those fed 5th cutting. Both chloroform extracts had 
greater relative abundance of Turicibacter (OTU 13) compared to control (P = 0.02), 
with 5th cutting chloroform extracts having 12.2-fold greater abundance of this OTU 
compared to 1st cutting (P = 0.02; Figure 5.3). Mice fed 1st cutting chloroform extracts 
had increased relative abundance of Bifidobacterium (OTU 21; P = 0.02) and Romboutsia 
(OTU 39) compared to both the control and 5th cutting extracts (P = 0.04 and 0.02, 
respectively; Tables B.31 and B.33). Feeding 5th cutting chloroform extracts had greater 
impacts on highly abundant OTUs associated with Muribaculaceae at this timepoint, with 
increases to OTUs 3, 10, and 24 compared to control and 1st cutting (OTU 3 only; Figure 
5.3). Feeding 5th cutting chloroform resulted in a decreased relative abundance of 
Roseburia (OTU 81) compared to control and 1st cutting extract (P = 0.01 and 0.05, 
respectively; Table B.32).  
 In the last timepoint of the study corresponding with resolution of infection 
(21dpi), mice fed 1st cutting chloroform extracts had 129 significantly different OTUs 
compared to the control whereas mice fed 5th cutting extracts had 238 different OTUs. 
Both extracts had greater abundance of Akkermansia (OTU 8) compared to control (P = 
0.04 and 0.02; Figure 5.3); however, 5th cutting extract increased the relative abundance 
of Akkermansia (OTU 125) 9- and 3.6-fold, respectively, compared to both the control 
and 1st cutting extract (P = 0.02 and 0.04; Tables B.35 and B.36). At this timepoint, mice 
fed 1st cutting chloroform extract had increased relative abundance of Roseburia (OTU 





(OTU 72) compared to control (P = 0.05; Table B.34). Mice fed 5th cutting chloroform 
extract had reductions in the relative abundance of Oscillibacter (OTU 31) compared to 
control and 1st cutting (P = 0.04 and 0.02, respectively; Table B.35).  
   
Kirby-Bauer Plates 
 None of the extracts resulted in an observable ZOI in C. rodentium culture plates 
following overnight incubation at any of the tested concentrations.  
 
Discussion 
 Alterations to the colonic microbiota in response to alfalfa supplementation varied 
between form and cutting at different timepoints during 14d enrichment and after 
inoculation. Changes to the colon microbiota between different supplementation forms 
after the 14d feeding enrichment were predictable based on the presence of fiber. Both 1st 
and 5th cutting hay resulted in significant changes to whole community composition, 
while changes observed in extract diets were limited to 5th cutting alfalfa (Tables 5.1-
5.3). These consistent, comparatively larger changes to the microbiota in mice fed hay 
compared to extract-supplemented diets were expected due to the high amounts of 
insoluble fiber in the ground hay (34.3 and 24.6% as-fed in 1st and 5th cutting, 
respectively) acting as a fermentation substrate (4, 5).  
Despite consistent changes to the overall community by alfalfa hay, changes at 
the OTU level varied between each cutting and could be roughly traced to a specific 
compartment within the plant. In healthy animals, 1st cutting hay only increased the 





relative abundance of multiple OTUs associated with Muribaculaeae, a family that is 
generally regarded as beneficial despite limited knowledge about the function of its 
members beyond the breakdown of complex carbohydrates (38) (Tables B.1 and B.2). 
Chloroform extracts from 5th cutting alfalfa similarly increased the relative abundance of 
Muribaculaceae OTUs compared to both control and 1st cutting chloroform extract 
(Figure 5.3), while aqueous extracts generally did not affect this family. These results 
indicate that changes to highly-abundant Muribaculaceae OTUs were specific to 5th 
cutting alfalfa and could be attributed to the lipid-soluble compartment of the plant. 
While differences in response by the microbiota of healthy animals were observed 
between cuttings and supplementation forms, similarities in BW and colon crypt depth 
after the feeding enrichment period indicate that observed microbial shifts did not affect 
these general health indicators (Chapter 3).  
 Functional characteristics of changes to the microbiota at a health state can be 
assessed through the implementation of a health challenge. In this study, the rodent-
specific pathogen C. rodentium was administered to study how alfalfa-induced changes to 
the microbiota translated to altered responses to a bacterial pathogen. Infection with C. 
rodentium is characterized by dysbiosis as an overgrowth of the bacteria displaces 
members of the commensal microbiota (28). Prior to infection, C. rodentium was not 
detected in the colon microbiota of healthy mice. After infection, Citrobacter rodentium 
was identified as OTU 14 and present in the microbiota at 4dpi before reducing to low or 
undetectable relative abundance at 14 and 21dpi (Figures 5.1-5.3). Mice fed the control 
had a 1.0% median relative abundance of C. rodentium at 4dpi and the highest 





Figures 5.1 and 5.2). Of all the treatments, only 5th cutting chloroform extract reduced the 
relative abundance of C. rodentium compared to control at 4dpi (Figure 5.3). These 
reductions were not due to direct action of the extract on the pathogen, as evidenced by 
the lack of inhibition observed in the disc diffusion assay but may be due to indirect 
effects on the microbiota or host immune system. Regardless, the effects of reduced 
pathogen abundance were seen in BW responses, which showed a recovery to pre-
inoculation BW in mice fed 5th cutting chloroform at 2dpi (Chapter 3). These results 
suggest that only the lipid-soluble components of 5th cutting alfalfa reduce the ability of 
C. rodentium to colonize the colon and protect BW during early infection, whereas water-
soluble components may facilitate colonization- resulting in an intermediate response 
when the plant is fed in its entirety.   
 As C. rodentium was cleared in later timepoints of infection (14 and 21dpi), 
differences in beneficial community members were observed in response to alfalfa form 
and cutting. Only mice fed 5th cutting chloroform extracts continued to show changes in 
high numbers of OTUs associated with Muribaculaceae at 14dpi, suggesting that this 
treatment continued to exert protective effects on this family throughout the infection. 
Fifth cutting hay increased relative abundance of Turicibacter (OTU 13) compared to 1st 
cutting, while 5th cutting chloroform extract increased Turicibacter compared to control 
and 1st cutting chloroform extract, indicating that lipid-soluble compounds enriched at 
later cuttings have greater impact on this genus. In chickens, increased relative abundance 
of members within this genus was associated with a high residual feed intake (RFI; 39). 
Notably, mice fed 5th cutting hay had numerically higher median relative abundance of 





this time, mice fed chloroform extracts had higher average BW despite lower feed intake, 
whereas mice fed ground hay had the highest FI and lowest BW (Chapter 3). While 
performance measurements such as RFI are not typically recorded for mice, these results 
suggest that lipid-soluble compounds in late-cutting alfalfa increased the abundance of 
Turicibacter and contributed to a similar “low RFI” phenotype to reports in poultry; 
however, changes to this genus could not compensate for the effects of low-energy, high-
fiber diets on animal BW.   
At 21dpi, both chloroform extracts increased the relative abundance of 
Akkermansia (OTU 8) compared to control, but 5th cutting chloroform extract increased 
the relative abundance of an additional OTU associated with this genus (OTU 125) 
compared to 1st cutting extract (Figure 5.3; Table B.36). Members of the Akkermansia 
genus are considered to be beneficial members of the microbiota with a number of 
documented benefits on gut barrier function and immunity (40). While 1st cutting 
aqueous extract also increased the relative abundance of Akkermansia (OTU 8) at 21dpi, 
this treatment also reduced the relative abundance of Bifidobacterium, a genus whose 
members are linked to a number of health benefits and used commonly as a probiotic (41, 
42). As mice fed both chloroform extracts had increased BW over the control in the final 
days of the trial, the increased abundance of Akkermansia over the control by both 
supplementation forms coupled with preservation of Bifidobacterium abundance may 
have contributed to improvements in final BW (Chapter 3). 
 Overall, the results of this study show noteworthy changes to the microbiota of 
mice fed alfalfa-supplemented diets with more consistent benefits observed in mice fed 





several treatments before and after infection, only 5th cutting chloroform extracts reduced 
the relative abundance of C. rodentium at early stages post-inoculation. The underlying 
cause contributing to reduced pathogen abundance remains unclear; however, it is 
probable that reduced pathogen abundance translated to a protective effect on BW at 
early post-inoculation timepoints. Diets supplemented with chloroform extracts increased 
mouse BW compared to the control in later post-inoculation timepoints and underlying 
changes to beneficial genera by these extracts may be contributing to the observed 
phenotype. Despite similar responses between cuttings, 5th cutting chloroform extracts 
had the greatest relative abundance of these genera, suggesting that lipid-soluble 
compounds of late-cutting alfalfa beneficially modulate the microbiota to protect and 
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Table 5.1. Whole-community ANOSIM1 comparisons of the colon microbiota in mice 
fed the control and diets with 1st or 5th cutting ground alfalfa hay. 
Comparison R-value1 P-value2 
Control vs. 1st Cut Hay   
 d14 (baseline) 0.20 0.03 
 4dpi 1.00 0.03 
 14dpi 0.03 0.49 
 21dpi 0.48 0.03 
    
Control vs. 5th Cut Hay   
 d14 (baseline) 0.39 0.04 
 4dpi 0.41 0.06 
 14dpi 0.38 0.06 
 21dpi 0.25 0.11 
    
1st Cut Hay vs. 5th Cut Hay   
 d14 (baseline) 0.01 0.36 
 4dpi 1.00 0.03 
 14dpi 0.24 0.20 
  21dpi 0.39 0.11 
1 Analysis of similarity performed using mothur (v.1.40.04) 
2 R-values detail the source of sample variations on a scale of -1 to 1. Values closer to -1 
suggest higher variation between within samples while those closer to 1 suggest higher 
variation between samples. R-values close to 0 indicate no differences in variation.  







Figure 5.1. The median relative abundance (%) of the 30 most abundant OTUs present in 
the colon of mice fed the control and diets supplemented with 1st and 5th cutting ground 
alfalfa hay. Maximum values were set to 19.0% to improve resolution. OTUs marked 


























































































































Table 5.2. Whole-community ANOSIM1 comparisons of the colon microbiota in mice 
fed the control and diets supplemented with aqueous extracts of 1st and 5th cutting alfalfa 
Comparison R-value2 P-value3 
Control vs. 1st Cut Aqueous Extract   
 d14 (baseline) 0.12 0.13 
 4dpi 1.00 0.03 
 14dpi -0.08 0.75 
 21dpi 0.24 0.11 
    
Control vs. 5th Cut Aqueous Extract   
 d14 (baseline) 0.24 0.05 
 4dpi 0.55 0.03 
 14dpi -0.07 0.55 
 21dpi 0.51 0.03 
    
1st Cut Aqueous vs. 5th Cut Aqueous Extract   
 d14 (baseline) 0.14 0.14 
 4dpi 0.71 0.03 
 14dpi -0.06 0.52 
  21dpi 0.72 0.03 
1 Analysis of similarity performed using mothur (v.1.40.04) 
2 R-values detail the source of sample variations on a scale of -1 to 1. Values closer to -1 
suggest higher variation between within samples while those closer to 1 suggest higher 
variation between samples. R-values close to 0 indicate no differences in variation.  







Figure 5.2. The median relative abundance (%) of the 30 most abundant OTUs present in 
the colons of mice fed the control and diets supplemented with aqueous extracts from 1st 
and 5th cutting alfalfa. Maximum values were set to 19.0% to improve resolution. OTUs 



































































































































































Table 5.3. Whole-community ANOSIM comparisons of the colon microbiota of mice fed 
the control or diets supplemented with chloroform extracts from 1st and 5th cutting 
alfalfa 
Comparison R-value2 P-value3 
Control vs. 1st Cut Chloroform Extract   
 d14 (baseline) 0.18 0.09 
 4dpi 0.30 0.11 
 14dpi 0.06 0.29 
 21dpi 0.03 0.32 
    
Control vs. 5th Cut Chloroform Extract    
 d14 (baseline) 0.25 0.04 
 4dpi 1.00 0.03 
 14dpi -0.13 0.81 
 21dpi 0.23 0.15 
    
1st Cut Chloroform vs. 5th Cut Chloroform Extract   
 d14 (baseline) 0.42 0.04 
 4dpi 0.54 0.03 
 14dpi 0.15 0.18 
  21dpi 0.00 0.49 
1 Analysis of similarity performed using mothur (v.1.40.04) 
2 R-values detail the source of sample variations on a scale of -1 to 1. Values closer to -1 
suggest higher variation between within samples while those closer to 1 suggest higher 
variation between samples. R-values close to 0 indicate no differences in variation.  







Figure 5.3. The median relative abundance (%) of the 30 most abundant OTUs present in 
the colons of mice fed the control and diets supplemented with chloroform extracts of 
1st and 5th cutting alfalfa. Maximum values were set to 19.0% to improve resolution. 










































































































































































Figure 5.4. The average relative abundance of Citrobacter rodentium (OTU 14) in the 
colons of mice fed diets without alfalfa (control) and those supplemented with 
chloroform extracts of 1st or 5th cutting alfalfa. Data represent the mean relative 
abundance ± SEM. * indicates significance at P ≤ 0.05.  
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Phytochemical research has the potential to improve non-ruminant livestock 
health through the identification of nutraceutical compounds. This thesis focused on 
alfalfa (Medicago sativa) as a potential source of nutraceutical compounds for non-
ruminant livestock. Alfalfa is part of the legume (Fabaceae) family and associated with 
health benefits in both humans and animals (1-5). When implemented in monogastric 
diets, the high concentration of insoluble fiber typically limits alfalfa inclusion; however, 
alfalfa extracts can circumvent this issue. Our understanding of alfalfa’s benefits are 
limited by inconsistencies between supplementation forms used in published literature 
and a lack of information on how known changes to nutritional and phytochemical 
profiles due to plant maturity, season, time of harvest, and cutting translate to animal 
health (6-10).  
Livestock research into alfalfa’s health-promoting qualities primarily focuses on 
performance parameters in healthy animals and does not typically provide detailed 
examination into physiological changes underlying these responses. In nutraceutical 
research, two systems of interest in characterizing responses to feed additives are the host 
immune system and intestinal microbiota. These two systems interact with each other and 
dietary components to modulate inflammatory responses and promote overall health; 
however, descriptively assessing changes to the host immune system and microbiota in 
livestock is limited by the scarcity of available reagents for these species (11-14). As a 





responses to alfalfa supplementation. To determine how changes observed at baseline 
health translated to modified immune responses, animals were challenged with rodent-
specific Citrobacter rodentium. This bacterial pathogen is effective at colonizing the 
murine colon, has a known timeline of infection, and well-documented effects on both 
the immune system and intestinal microbiota (15-17). The work presented here examined 
changes to the host immune system and intestinal microbiota underlying BW, FI, and 
colon histomorphology responses in healthy and pathogen-challenged mice due to dietary 
supplementation with different forms (ground hay, water-, or lipid-soluble extract) of 1st 
or 5th cutting alfalfa.   
 In addition to discrepancies in alfalfa research based on supplementation form, 
cutting, and measured biological outcomes, a number of different extraction methods are 
described throughout phytochemical research (5, 18, 19). These methods vary based on 
ratios of alfalfa: solvent, the use of special equipment (e.g. Soxhlet apparatus), duration 
of extraction, and utilization of heat to accelerate the process (20). The objective in 
Chapter 2 was to utilize a simple extraction method (maceration) with a number of 
different alfalfa: solvent ratios, temperatures, and durations to optimize the nutrient 
profiles of aqueous and chloroform alfalfa extracts. In the case of aqueous extracts, 
extractions done at a 1:5 ratio of alfalfa: water for 24h maximized crude protein while 
temperature did not have an effect. As extraction temperature did not impact crude 
protein content in the final product, aqueous extracts were performed at room 
temperature to avoid degradation of thermosensitive compounds. Based on previous 





with exhaustive methods utilizing a Soxhlet apparatus (19). For these extracts, a 1:4 
alfalfa: chloroform ratio at 40°C maximized the crude fat content of the resulting product.  
In addition to optimizing extraction methods, fatty acid profiles of the alfalfa hays 
and extracts were analyzed to gain preliminary insights into differences between the 
forms and cuttings. One notable difference between the two hay cuttings was the 
presence of omega-6 linoleic acid in 1st cutting (13.4%) and omega-3 linolenic acid in 5th 
cutting alfalfa (26.4%). Fatty acid profiles of aqueous extracts predominantly consisted of 
saturated palmitic and stearic acids, but the overall percentage of crude fat in these 
extracts was expectedly low at 1-2%. In contrast, chloroform extracts contained mostly 
palmitic and linoleic acid with those obtained from 5th cutting alfalfa having numerically 
greater percentages of linolenic acid compared to 1st cutting (0.8% vs. 7.7%). Overall, the 
results reported in chapter 2 contributed to the selection of methods to prepare aqueous 
and chloroform extracts as feed additives in an animal study while providing preliminary 
insights into the differences between forms and cuttings of alfalfa.  
Once extraction methods were selected, alfalfa extract was supplemented in 
rodent diets for a 35d mouse trial. This trial utilized 6-week-old female C57BL/6J mice 
because females would remain at an optimal size for C. rodentium infection (18-20g) 
while the C57BL/6J strain has a well-characterized intestinal microbiota and develops a 
self-resolving colitis in response to the administered pathogen (15, 17, 21, 22). The 35d 
trial was divided into a 14d feeding enrichment period followed by challenge with C. 
rodentium and a 21d recovery period to assess responses to alfalfa supplementation in 
healthy and pathogen-challenged mice from the same sample population. During this 





assessing the immune response (Chapter 4) and changes to the colon microbiota (Chapter 
5) in response to alfalfa supplementation before and after infection.  
After the 14d feeding enrichment period, systemic analysis of serum cytokines by 
two different methods (ELISA and flow cytometry) resulted in no observable differences 
between treatment groups. Analysis within immune tissues such as the spleen, however, 
revealed differences due to dietary treatment. Splenic intracellular cytokine staining 
showed that feeding aqueous and chloroform extracts created a more inflammatory 
environment by increasing populations of IFN-g+ cells by 9.1 and 6.7% over the control, 
respectively. In addition to altering cytokine profiles within the spleen, flow cytometric 
analysis showed that all forms of alfalfa supplementation increased splenic T-cell 
populations, with chloroform extracts having 5.2% more T-cells than the control. Only 
extracts had a similar effect on B-cells with both aqueous and chloroform extracts 
increasing these cells by 13.8% compared to the control. These responses are similar to 
reports of increased lymphocyte proliferation observed in poultry models using in vitro 
blastogenesis assays (3, 5).  
 Analysis of the colon digesta by 16S rRNA gene sequencing also showed changes 
to the intestinal microbiota by alfalfa-supplementation in healthy mice. Overall, greater 
changes to the microbiota were observed in mice fed diets supplemented with hay, which 
was expected due to the known effects of fiber on the microbiota (12, 23). After the 
feeding enrichment period, increases in the relative abundance of OTUs associated with 
Muribaculaceae, a genus that is highly represented in the murine colon microbiota, were 
specific to 5th cutting alfalfa and attributed to lipid-soluble compounds within the plant. 





not display differences in BW or crypt depth in response to alfalfa supplementation, 
suggesting that changes to splenic immune cell profiles and the colonic microbiota were 
not substantial enough to negatively impact BW or colon crypt depth. Additional 
parameters, such as leukocyte infiltration, would have provided greater insights into 
baseline changes to colon histomorphology in response to alfalfa supplementation.  
Functional insights into physiological changes as they translated to general health 
in response to alfalfa supplementation were gained through C. rodentium infection. 
Immediately following inoculation, mice fed 5th cutting chloroform extract recovered to 
their pre-inoculation BW 2d earlier than mice fed the control. Underlying this response 
was the early recruitment of IFN-g+ innate immune cells from the spleen to peripheral 
tissues observed in mice fed chloroform extracts at 4dpi. Innate immune responses were 
combined with 5th cutting alfalfa maintaining elevated splenic lymphocytes at 4dpi when 
control diets caused splenic lymphocyte proliferation and 1st cutting alfalfa resulted in 
early recruitment to peripheral tissues.  
 In addition to changes to the immune response in the early stages of infection, 5th 
cutting chloroform extract reduced the relative abundance of C. rodentium in the colon at 
4dpi compared to the control (1.0% vs. 0.06%). In vitro disc diffusion assays showed that 
alfalfa extracts did not directly inhibit C. rodentium growth, suggesting that pathogen 
reduction by 5th cutting chloroform extract occurred through indirect action on the 
microbiota or immune system; however, it is important to note that the in vitro conditions 
used by the disc diffusion assay were not fully representative of in vivo conditions 
encountered by C. rodentium in the mouse colon. While the exact nature of this effect 





first 4dpi show that 5th cutting chloroform alfalfa extracts increased the timing of IFN-g+ 
innate immune responses and reduced C. rodentium abundance to protect mouse BW 
immediately following inoculation.  
 When C. rodentium infection was resolving at later timepoints, mice fed control 
and aqueous extracts showed changes in splenic B-cell populations trending towards 
recovery, while those fed chloroform extracts maintained levels of this cell type below 
pre-inoculation percentages. Similar observations were noted for macrophage populations 
in the later timepoints of C. rodentium infection. While splenic B-cells and macrophages 
did not show recovery to pre-inoculation levels at later timepoints in mice fed chloroform 
extracts, these diets also increased the relative abundance of Turicibacter (14dpi) and 
Akkermansia (21dpi). In chickens, increased relative abundance of Turicibacter is 
associated with low RFI. while Akkermansia is regarded as anti-inflammatory and 
inversely correlated with inflammatory bowel disease (24, 25).  
 At this time, mice fed chloroform extracts consumed the lowest amount of feed 
but had greater BW than other alfalfa-supplemented treatments, suggesting that the 
increased abundance of Turicibacter may contribute to low RFI in other species 
following health challenge; however, parameters such as RFI are not measured in mice 
due to differing husbandry objectives. In the last days of the infection, only mice fed 
chloroform extracts had average BW numerically greater than the control, which may be 
attributed to prolonged B-cell and macrophage responses and/or increased relative 
abundance of beneficial genera. Notably, mice fed 5th cutting chloroform extracts had 
increased relative abundance of Turicibacter and Akkermansia compared to 1st cutting 





 Current research into specific health benefits and compounds within the lipid-
soluble compartment of alfalfa is limited, with one study examining the effects of 
chloroform alfalfa extract, to date. Choi and colleagues (2013), reported in vitro 
reductions in pro-inflammatory cytokine production by chloroform alfalfa extract during 
an LPS challenge and suggested that palmitic, linoleic, linolenic, and a number of 
phenolic acids may be causing the observed effects (18). While the presence of palmitic, 
linoleic, and linolenic acids corresponds to the observed fatty acid profiles of chloroform 
extracts described in Chapter 2, these extracts contributed to a more pro-inflammatory 
environment in the spleen of healthy animals. Phytoestrogens found in alfalfa share 
structural similarity to lipid-soluble steroid hormones, suggesting that they may be 
present in lipid-soluble chloroform extracts; however, their presence was identified in 
aqueous extract used by Dong and colleagues (2007) and isoflavones are regarded in the 
literature as being water-soluble (5, 26). As this study did not characterize specific 
phytochemicals present in chloroform extracts and the literature regarding lipid-soluble 
compounds in alfalfa is sparse, the identity of beneficial compounds underlying observed 
benefits remains largely unknown.  
 Concurrent assessment of the immune system and intestinal microbiota before and 
after health challenge provided insights into physiological changes underlying general 
health parameters like BW and FI; however, the assays used to analyze these systems 
solely provide identification of cell types and bacterial genera present and do not provide 
specific functional insights. Additionally, measuring spleen immune cell profiles did not 
show site-specific responses C. rodentium infection, making it difficult to sufficiently 





limitations, the results obtained by this work demonstrate that lipid-soluble compounds 
enriched in late-cutting alfalfa beneficially modulate the host immune system and 
intestinal microbiota in a way that protects and improves BW during an immune 
challenge. By using a well-characterized mouse model to gain these insights, future 
livestock applications can focus more specifically on the immunomodulatory and 
microbiota-altering effects of lipid-soluble compounds in late-cutting alfalfa in 
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APPENDIX A:  
 




Supplemental Figure A.1: Percentage of IFN-g+CD8+ cells in the spleens of mice fed 
hay, aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa 
supplementation are separated into (A) form, (B) cutting, and (C) the interaction of form 
´ cutting. Data are represented as the mean percentage of CD8+ cells within the IFN-g+ 
cell gate ± SEM. Bars with different superscripts are significantly different at P ≤ 0.05. 
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Supplemental Figure A.2: Percentage of TNF-a-producing macrophages 
(CD11b+Ly6G-F4/80+) cells in the spleens of mice fed hay, aqueous, and chloroform 
extracts of 1st and 5th cutting alfalfa. Effects of alfalfa supplementation are separated into 
(A) form, (B) cutting, and (C) the interaction of form ´ cutting. Data are represented as 
the mean percentage of TNF-a+ cells within the macrophage gate ± SEM. Bars with 
different superscripts are significantly different at P ≤ 0.05. The dashed line separates the 
end of the feeding-enrichment period and the start of the infection period. 
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Supplemental Figure A.3: Percentage of overall CD11b+ cells in the spleens of mice fed 
hay, aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of alfalfa 
supplementation are separated into (A) form, (B) cutting, and (C) the interaction of form 
´ cutting. Data are represented as the mean percentage of cells within the live cell gate ± 
SEM. Bars with different superscripts are significantly different at P ≤ 0.05. The dashed 
line separates the end of the feeding-enrichment period and the start of the infection 
period. 
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Supplemental Figure A.4: Percentage of neutrophils (CD11b+Ly6G+) in the spleens of 
mice fed hay, aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of 
alfalfa supplementation are separated into (A) form, (B) cutting, and (C) the interaction 
of form ´ cutting. Data are represented as the mean percentage of cells within the 
CD11b+ cell gate ± SEM. Bars with different superscripts are significantly different at P 
≤ 0.05. The dashed line separates the end of the feeding-enrichment period and the start 
of the infection period. 
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Supplemental Figure A.5: Percentage of memory B-cells (B220+CD11b+) in the spleens 
of mice fed hay, aqueous, and chloroform extracts of 1st and 5th cutting alfalfa. Effects of 
alfalfa supplementation are separated into (A) form, (B) cutting, and (C) the interaction 
of form ´ cutting. Data are represented as the mean percentage of cells within the B220+ 
B-cell gate ± SEM. Bars with different superscripts are significantly different at P ≤ 0.05. 
The dashed line separates the end of the feeding-enrichment period and the start of the 
infection period. 
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CHAPTER 5 SUPPLEMENTAL TABLES 
 
Significantly Different OTUs in the Colon Microbiota of Mice fed Ground Alfalfa Hay 
 
Table B.1. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting hay diets after the 
feed enrichment period (d14) determined by LEfSe analysis in mothur. The significantly different OTUs 

















OTU 008 0.73 4.79 4.26 0.02 Akkermansia 
OTU 024 0.00 0.01 3.65 0.01 Muribaculaceae_ge 
OTU 025 0.38 0.08 3.07 0.01 Lachnospirac A2 
OTU 026 0.08 0.96 3.45 0.04 Lachnospiraceae_NK4A136_group 
OTU 028 0.34 0.75 3.38 0.04 Anaeroplasma 
OTU 034 0.00 0.28 2.94 0.02 Lachnospiraceae_unclassified 
OTU 043 0.01 0.08 2.44 0.02 Lachnospiraceae_NK4A136_group 
OTU 047 0.01 0.23 3.11 0.004 Lachnospiraceae_unclassified 
OTU 052 0.06 0.01 2.50 0.004 Erysipelatoclostridium 
OTU 057 0.01 0.79 3.46 0.01 Lachnospiraceae_unclassified 
OTU 059 0.26 0.00 2.89 0.02 Lachnoclostridium 
OTU 075 0.34 0.03 2.91 0.01 ASF356 
OTU 082 0.11 0.05 2.53 0.02 uncultured 
OTU 094 0.10 0.00 2.62 0.003 Enterorhabdus 
OTU 096 0.02 0.28 3.23 0.02 Ruminococcaceae_ge 
OTU 098 0.18 0.04 2.77 0.04 Lachnospiraceae_unclassified 
OTU 105 0.02 0.12 2.74 0.04 Lachnospiraceae_NK4A136_group 
OTU 118 0.03 0.10 2.62 0.01 Ruminiclostridium 
OTU 122 0.01 0.04 2.34 0.04 Ruminiclostridium 
OTU 136 0.67 0.00 3.69 0.02 Faecalibaculum 
OTU 140 0.07 0.01 2.46 0.004 Lachnospiraceae_unclassified 
OTU 147 0.02 0.05 2.20 0.02 Ruminococcaceae_UCG-014 
OTU 159 0.00 0.07 2.38 0.05 Lachnospiraceae_NK4A136_group 
OTU 161 0.07 0.02 2.77 0.004 Lachnospiraceae_unclassified 
OTU 174 0.00 0.03 2.74 0.02 Ruminococcaceae_UCG-014 
OTU 190 0.02 0.09 2.25 0.04 Lachnospiraceae_unclassified 
OTU 199 0.06 0.02 2.23 0.01 Lachnoclostridium 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; LDA 





 Table B.2. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting hay diets after the 
feed enrichment period (d14) determined by LEfSe analysis in mothur. The significantly different OTUs 

















OTU 016 0.03 0.54 3.05 0.02 Lachnospiraceae_UCG-001 
OTU 024 0.00 1.21 3.78 0.02 Muribaculaceae_ge 
OTU 030 0.00 0.94 3.75 0.03 Muribaculaceae_ge 
OTU 034 0.00 0.25 3.32 0.01 Lachnospiraceae_unclassified 
OTU 037 0.00 0.79 3.68 0.02 Muribaculaceae_ge 
OTU 041 0.40 0.11 3.20 0.02 Ruminococcus_1 
OTU 045 0.00 0.29 3.23 0.02 Muribaculaceae_ge 
OTU 047 0.01 0.14 2.64 0.01 Lachnospiraceae_unclassified 
OTU 048 0.00 0.26 3.21 0.02 Muribaculaceae_ge 
OTU 049 0.01 0.18 2.56 0.02 Lachnospiraceae_UCG-001 
OTU 054 0.00 0.25 3.09 0.02 Muribaculaceae_ge 
OTU 055 0.10 0.00 2.45 0.02 Clostridium_sensu_stricto_1 
OTU 066 0.00 0.53 3.51 0.05 Muribaculaceae_ge 
OTU 068 0.00 0.16 2.90 0.02 Muribaculaceae_ge 
OTU 069 0.23 0.06 2.91 0.004 Lachnoclostridium 
OTU 073 0.00 0.41 3.49 0.02 Muribaculaceae_ge 
OTU 075 0.34 0.03 3.11 0.02 ASF356 
OTU 078 0.00 0.18 3.07 0.02 Muribaculaceae_ge 
OTU 089 0.00 0.09 2.83 0.02 Muribaculaceae_ge 
OTU 094 0.10 0.04 2.53 0.04 Enterorhabdus 
OTU 096 0.02 0.17 2.97 0.02 Ruminococcaceae_ge 
OTU 111 0.09 0.02 2.48 0.04 Lachnospiraceae_unclassified 
OTU 120 0.00 0.06 2.28 0.02 Lachnospiraceae_unclassified 
OTU 126 0.00 0.01 2.05 0.04 Lachnospiraceae_unclassified 
OTU 128 0.18 0.00 2.67 0.02 Lachnospiraceae_unclassified 
OTU 136 0.67 0.00 2.96 0.02 Faecalibaculum 
OTU 139 0.09 0.01 2.63 0.01 Muribaculaceae_ge 
OTU 141 0.06 0.01 2.38 0.04 Lachnospiraceae_unclassified 
OTU 161 0.07 0.02 2.26 0.02 Lachnospiraceae_unclassified 
OTU 187 0.00 0.03 2.13 0.02 Muribaculaceae_ge 
OTU 199 0.06 0.02 2.44 0.004 Lachnoclostridium 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.3. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting hay diets after the feed 
enrichment period (d14) determined by LEfSe analysis in mothur. The significantly different OTUs 


















OTU 008 4.79 1.74 4.31 0.02 Akkermansia 
OTU 016 0.03 0.54 3.75 0.01 Lachnospiraceae_UCG-001 
OTU 026 0.96 0.26 3.61 0.02 Lachnospiraceae_NK4A136_group 
OTU 028 0.75 0.04 3.28 0.04 Anaeroplasma 
OTU 029 0.01 0.07 3.18 0.02 Lachnospiraceae_unclassified 
OTU 032 0.25 0.17 2.58 0.02 Bacteroides 
OTU 036 0.16 0.02 3.09 0.04 Lachnospiraceae_NK4A136_group 
OTU 039 0.50 0.00 3.14 0.01 Romboutsia 
OTU 041 0.48 0.11 3.27 0.004 Ruminococcus_1 
OTU 043 0.08 0.00 2.51 0.003 Lachnospiraceae_NK4A136_group 
OTU 049 0.00 0.18 3.25 0.01 Lachnospiraceae_UCG-001 
OTU 055 0.29 0.00 2.86 0.01 Clostridium_sensu_stricto_1 
OTU 057 0.79 0.00 3.63 0.003 Lachnospiraceae_unclassified 
OTU 066 0.00 0.53 3.23 0.02 Muribaculaceae_ge 
OTU 069 0.16 0.06 3.08 0.004 Lachnoclostridium 
OTU 073 0.00 0.41 3.12 0.02 Muribaculaceae_ge 
OTU 076 0.00 0.26 2.82 0.05 Muribaculaceae_ge 
OTU 084 0.00 0.16 2.74 0.02 Muribaculaceae_ge 
OTU 085 0.00 0.22 2.78 0.02 Muribaculaceae_ge 
OTU 094 0.00 0.04 2.08 0.02 Enterorhabdus 
OTU 105 0.12 0.00 2.73 0.01 Lachnospiraceae_NK4A136_group 
OTU 118 0.10 0.03 2.48 0.01 Ruminiclostridium 
OTU 123 0.13 0.05 2.64 0.02 Ruminococcaceae_UCG-010 
OTU 124 0.10 0.03 2.20 0.02 Ruminiclostridium_9 
OTU 131 0.00 0.09 2.59 0.05 Muribaculaceae_ge 
OTU 143 0.07 0.02 2.29 0.02 Ruminococcaceae_unclassified 
OTU 147 0.05 0.01 2.14 0.02 Ruminococcaceae_UCG-014 
OTU 162 0.03 0.00 2.11 0.004 Lachnospiraceae_unclassified 
OTU 164 0.04 0.00 2.67 0.02 Ruminococcaceae_UCG-014 
OTU 174 0.03 0.00 2.05 0.02 Ruminococcaceae_UCG-014 
OTU 184 0.08 0.02 2.47 0.004 Ruminococcaceae_UCG-014 
OTU 190 0.09 0.02 2.33 0.02 Lachnospiraceae_unclassified 
OTU 192 0.01 0.02 2.17 0.04 Lachnospiraceae_unclassified 
OTU 193 0.00 0.04 2.05 0.02 Muribaculaceae_ge 
OTU 200 0.08 0.01 2.47 0.02 Clostridiales_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 





 Table B.4. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting hay diets at 4dpi 
with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 

















OTU 001 10.25 3.76 4.38 0.02 Muribaculaceae_ge 
OTU 002 17.18 5.43 4.69 0.02 Muribaculaceae_ge 
OTU 003 0.02 17.23 4.90 0.02 Muribaculaceae_ge 
OTU 005 1.84 8.79 4.55 0.02 Lactobacillus 
OTU 006 7.04 1.48 4.47 0.02 Bacteroides 
OTU 011 0.00 3.02 4.19 0.02 Muribaculaceae_ge 
OTU 020 0.29 0.22 2.23 0.04 Parasutterella 
OTU 021 0.67 0.03 3.59 0.02 Bifidobacterium 
OTU 022 0.75 0.15 3.40 0.02 Muribaculaceae_ge 
OTU 023 0.80 0.23 3.34 0.02 Muribaculaceae_ge 
OTU 024 0.00 0.94 3.66 0.02 Muribaculaceae_ge 
OTU 027 0.57 0.04 3.31 0.02 Muribaculaceae_ge 
OTU 029 0.00 0.09 2.78 0.01 Lachnospiraceae_unclassified 
OTU 030 0.00 0.67 3.51 0.02 Muribaculaceae_ge 
OTU 031 0.32 0.15 2.99 0.02 Oscillibacter 
OTU 032 0.32 0.08 3.06 0.02 Bacteroides 
OTU 037 0.00 0.66 3.52 0.02 Muribaculaceae_ge 
OTU 038 0.00 0.18 3.18 0.02 Lachnospiraceae_unclassified 
OTU 039 0.00 0.02 2.19 0.01 Romboutsia 
OTU 043 0.00 0.28 3.45 0.02 Lachnospiraceae_NK4A136_group 
OTU 045 0.00 0.26 3.11 0.01 Muribaculaceae_ge 
OTU 047 0.09 0.65 3.53 0.02 Lachnospiraceae_unclassified 
OTU 048 0.00 0.27 3.12 0.01 Muribaculaceae_ge 
OTU 053 0.00 0.52 3.41 0.02 Lachnospiraceae_unclassified 
OTU 054 0.00 0.26 3.04 0.01 Muribaculaceae_ge 
OTU 055 0.00 1.08 3.81 0.02 Clostridium_sensu_stricto_1 
OTU 056 0.43 0.20 3.07 0.04 Ruminiclostridium 
OTU 057 0.00 0.61 3.35 0.02 Lachnospiraceae_unclassified 
OTU 059 0.11 0.29 2.99 0.04 Lachnoclostridium 
OTU 066 0.00 0.48 3.34 0.01 Muribaculaceae_ge 
OTU 068 0.00 0.22 3.00 0.01 Muribaculaceae_ge 
OTU 069 0.04 0.50 3.21 0.02 Lachnoclostridium 
OTU 070 0.18 0.05 2.76 0.02 Muribaculaceae_ge 
OTU 071 0.00 0.06 2.18 0.04 Clostridiales_vadinBB60_group_ge 







Table B.4 continued 
OTU 075 0.00 0.12 2.98 0.02 ASF356 
OTU 076 0.00 0.31 3.13 0.01 Muribaculaceae_ge 
OTU 077 0.21 0.02 2.91 0.02 Muribaculaceae_ge 
OTU 078 0.00 0.22 2.89 0.01 Muribaculaceae_ge 
OTU 084 0.00 0.14 2.97 0.01 Muribaculaceae_ge 
OTU 085 0.00 0.14 2.99 0.01 Muribaculaceae_ge 
OTU 088 0.00 0.14 2.85 0.04 Lachnospiraceae_unclassified 
OTU 089 0.00 0.10 2.73 0.01 Muribaculaceae_ge 
OTU 093 0.09 0.03 2.64 0.02 Lachnoclostridium 
OTU 094 0.09 0.04 2.35 0.02 Enterorhabdus 
OTU 096 0.11 0.00 2.85 0.02 Ruminococcaceae_ge 
OTU 097 0.02 0.12 2.46 0.04 Lachnospiraceae_unclassified 
OTU 098 0.02 0.11 2.60 0.02 Lachnospiraceae_unclassified 
OTU 105 0.00 0.08 2.68 0.01 Lachnospiraceae_NK4A136_group 
OTU 110 0.11 0.00 2.69 0.02 Lachnospiraceae_unclassified 
OTU 122 0.03 0.01 2.30 0.02 Ruminiclostridium 
OTU 131 0.00 0.11 2.84 0.01 Muribaculaceae_ge 
OTU 134 0.00 0.06 2.14 0.05 Muribaculaceae_ge 
OTU 138 0.00 0.07 2.45 0.01 Muribaculaceae_ge 
OTU 139 0.19 0.00 2.79 0.04 Muribaculaceae_ge 
OTU 145 0.00 0.14 2.64 0.02 Lachnospiraceae_unclassified 
OTU 147 0.00 0.20 3.55 0.02 Ruminococcaceae_UCG-014 
OTU 150 0.00 0.06 2.44 0.02 Lachnospiraceae_unclassified 
OTU 151 0.06 0.00 2.36 0.01 Muribaculaceae_ge 
OTU 156 0.07 0.00 2.51 0.01 Muribaculaceae_ge 
OTU 161 0.04 0.00 2.58 0.02 Lachnospiraceae_unclassified 
OTU 166 0.05 0.01 2.04 0.04 Muribaculaceae_ge 
OTU 167 0.00 0.04 2.16 0.02 uncultured 
OTU 170 0.04 0.00 2.43 0.02 Muribaculaceae_unclassified 
OTU 177 0.21 0.00 3.12 0.01 Lachnospiraceae_unclassified 
OTU 187 0.00 0.04 2.29 0.01 Muribaculaceae_ge 
OTU 195 0.01 0.04 2.26 0.02 Lactobacillus 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.5. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting hay diets at 4dpi 
with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 

















OTU 001 10.25 17.07 4.48 0.02 Muribaculaceae_ge 
OTU 007 0.80 0.06 3.49 0.02 Lachnospiraceae_NK4A136_group 
OTU 009 2.92 0.00 4.16 0.02 Alistipes 
OTU 018 0.32 1.26 3.68 0.02 Muribaculaceae_ge 
OTU 020 0.29 0.87 3.48 0.02 Parasutterella 
OTU 021 0.67 0.04 3.59 0.02 Bifidobacterium 
OTU 038 0.00 0.12 2.78 0.02 Lachnospiraceae_unclassified 
OTU 039 0.00 0.42 3.60 0.01 Romboutsia 
OTU 040 0.20 0.04 2.88 0.04 Lachnospiraceae_NK4A136_group 
OTU 051 0.12 0.04 2.55 0.02 GCA-900066575 
OTU 055 0.00 1.33 3.82 0.02 Clostridium_sensu_stricto_1 
OTU 056 0.43 0.07 3.23 0.02 Ruminiclostridium 
OTU 057 0.00 0.05 2.90 0.02 Lachnospiraceae_unclassified 
OTU 059 0.11 0.00 2.74 0.01 Lachnoclostridium 
OTU 061 0.13 0.00 2.85 0.02 Alistipes 
OTU 064 0.04 0.01 2.10 0.04 Lachnospiraceae_unclassified 
OTU 065 0.00 0.30 3.16 0.04 Lachnospiraceae_unclassified 
OTU 071 0.00 0.09 2.53 0.04 Clostridiales_vadinBB60_group_ge 
OTU 093 0.09 0.02 2.56 0.02 Lachnoclostridium 
OTU 094 0.09 0.01 2.59 0.02 Enterorhabdus 
OTU 102 0.11 0.01 2.86 0.02 Lachnospiraceae_UCG-006 
OTU 103 0.06 0.01 2.22 0.02 Ruminiclostridium_9 
OTU 105 0.00 0.05 2.84 0.01 Lachnospiraceae_NK4A136_group 
OTU 109 0.07 0.00 2.67 0.04 Ruminococcaceae_UCG-014 
OTU 110 0.11 0.01 2.59 0.04 Lachnospiraceae_unclassified 
OTU 119 0.00 0.02 2.04 0.02 Lachnospiraceae_unclassified 
OTU 140 0.06 0.02 2.37 0.02 Lachnospiraceae_unclassified 
OTU 147 0.00 0.01 2.56 0.02 Ruminococcaceae_UCG-014 
OTU 157 0.00 0.69 3.54 0.01 Ruminococcus_2 
OTU 173 0.00 0.03 3.51 0.05 Ruminococcaceae_UCG-014 
OTU 177 0.21 0.00 3.12 0.02 Lachnospiraceae_unclassified 
OTU 195 0.01 0.03 2.31 0.04 Lactobacillus 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.6. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting hay diets at 4dpi with 
Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 


















OTU 001 3.76 17.07 4.75 0.02 Muribaculaceae_ge 
OTU 002 5.43 16.15 4.70 0.02 Muribaculaceae_ge 
OTU 003 17.23 0.02 4.95 0.02 Muribaculaceae_ge 
OTU 007 1.07 0.06 3.62 0.02 Lachnospiraceae_NK4A136_group 
OTU 009 3.58 0.00 4.21 0.02 Alistipes 
OTU 011 3.02 0.00 4.20 0.01 Muribaculaceae_ge 
OTU 013 1.04 2.73 3.92 0.04 Turicibacter 
OTU 018 0.23 1.26 3.70 0.02 Muribaculaceae_ge 
OTU 020 0.22 0.87 3.51 0.02 Parasutterella 
OTU 022 0.15 0.92 3.63 0.02 Muribaculaceae_ge 
OTU 023 0.23 0.64 3.32 0.04 Muribaculaceae_ge 
OTU 024 0.94 0.00 3.69 0.02 Muribaculaceae_ge 
OTU 025 0.27 0.11 2.91 0.02 A2 
OTU 027 0.04 0.73 3.53 0.02 Muribaculaceae_ge 
OTU 029 0.09 0.00 2.76 0.01 Lachnospiraceae_unclassified 
OTU 030 0.67 0.00 3.55 0.02 Muribaculaceae_ge 
OTU 037 0.66 0.00 3.53 0.01 Muribaculaceae_ge 
OTU 039 0.02 0.42 3.59 0.02 Romboutsia 
OTU 045 0.26 0.00 3.15 0.01 Muribaculaceae_ge 
OTU 047 0.65 0.08 3.43 0.02 Lachnospiraceae_unclassified 
OTU 048 0.27 0.00 3.15 0.01 Muribaculaceae_ge 
OTU 054 0.26 0.00 3.12 0.01 Muribaculaceae_ge 
OTU 056 0.20 0.07 2.83 0.04 Ruminiclostridium 
OTU 057 0.61 0.05 3.16 0.04 Lachnospiraceae_unclassified 
OTU 059 0.29 0.00 3.14 0.01 Lachnoclostridium 
OTU 060 0.08 0.00 2.76 0.02 Lachnospiraceae_unclassified 
OTU 061 0.20 0.00 3.01 0.02 Alistipes 
OTU 066 0.48 0.00 3.37 0.01 Muribaculaceae_ge 
OTU 068 0.22 0.00 3.08 0.01 Muribaculaceae_ge 
OTU 069 0.50 0.14 3.26 0.02 Lachnoclostridium 
OTU 070 0.05 0.23 3.10 0.02 Muribaculaceae_ge 
OTU 073 0.45 0.00 3.29 0.01 Muribaculaceae_ge 
OTU 075 0.12 0.03 2.75 0.02 ASF356 
OTU 076 0.31 0.00 3.14 0.01 Muribaculaceae_ge 







Table B.6 continued 
OTU 078 0.22 0.00 2.98 0.01 Muribaculaceae_ge 
OTU 084 0.14 0.00 2.93 0.01 Muribaculaceae_ge 
OTU 085 0.14 0.00 2.96 0.01 Muribaculaceae_ge 
OTU 088 0.14 0.03 2.77 0.02 Lachnospiraceae_unclassified 
OTU 089 0.10 0.00 2.73 0.01 Muribaculaceae_ge 
OTU 094 0.04 0.01 2.25 0.02 Enterorhabdus 
OTU 097 0.12 0.07 2.22 0.04 Lachnospiraceae_unclassified 
OTU 098 0.11 0.05 2.39 0.04 Lachnospiraceae_unclassified 
OTU 102 0.06 0.01 2.60 0.02 Lachnospiraceae_UCG-006 
OTU 104 0.09 0.01 2.16 0.04 Eggerthellaceae_unclassified 
OTU 107 0.07 0.00 2.50 0.02 A2 
OTU 109 0.04 0.00 2.21 0.02 Ruminococcaceae_UCG-014 
OTU 110 0.00 0.01 2.03 0.04 Lachnospiraceae_unclassified 
OTU 119 0.00 0.02 2.01 0.04 Lachnospiraceae_unclassified 
OTU 121 0.00 0.06 2.38 0.02 Lachnospiraceae_unclassified 
OTU 130 0.04 0.00 2.19 0.01 Lachnospiraceae_unclassified 
OTU 131 0.11 0.00 2.80 0.01 Muribaculaceae_ge 
OTU 134 0.06 0.00 2.31 0.05 Muribaculaceae_ge 
OTU 138 0.07 0.00 2.54 0.01 Muribaculaceae_ge 
OTU 145 0.14 0.02 2.71 0.04 Lachnospiraceae_unclassified 
OTU 147 0.20 0.01 3.37 0.04 Ruminococcaceae_UCG-014 
OTU 151 0.00 0.07 2.55 0.01 Muribaculaceae_ge 
OTU 152 0.05 0.01 2.18 0.02 uncultured 
OTU 155 0.05 0.01 2.27 0.02 Clostridiales_unclassified 
OTU 156 0.00 0.10 2.79 0.01 Muribaculaceae_ge 
OTU 157 0.00 0.69 3.54 0.01 Ruminococcus_2 
OTU 166 0.01 0.05 2.18 0.02 Muribaculaceae_ge 
OTU 167 0.04 0.01 2.42 0.02 uncultured 
OTU 173 0.00 0.03 3.51 0.05 Ruminococcaceae_UCG-014 
OTU 182 0.01 0.05 2.35 0.02 Muribaculaceae_ge 
OTU 187 0.04 0.00 2.33 0.02 Muribaculaceae_ge 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.7. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting hay diets at 14dpi 
with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 

















OTU 003 0.02 1.68 3.92 0.02 Muribaculaceae_ge 
OTU 004 0.04 0.02 2.10 0.02 Dubosiella 
OTU 008 7.58 0.03 4.70 0.02 Akkermansia 
OTU 024 0.00 0.16 2.89 0.01 Muribaculaceae_ge 
OTU 032 0.65 0.16 3.48 0.04 Bacteroides 
OTU 038 1.10 0.11 3.56 0.04 Lachnospiraceae_unclassified 
OTU 045 0.00 0.20 2.99 0.05 Muribaculaceae_ge 
OTU 048 0.00 0.19 2.97 0.05 Muribaculaceae_ge 
OTU 054 0.00 0.14 2.84 0.05 Muribaculaceae_ge 
OTU 068 0.00 0.10 2.71 0.05 Muribaculaceae_ge 
OTU 078 0.00 0.08 2.60 0.01 Muribaculaceae_ge 
OTU 081 0.03 0.00 2.98 0.04 Roseburia 
OTU 089 0.00 0.09 2.65 0.05 Muribaculaceae_ge 
OTU 104 0.03 0.10 2.68 0.02 Eggerthellaceae_unclassified 
OTU 125 0.11 0.00 2.85 0.01 Akkermansia 
OTU 134 0.00 0.05 2.41 0.05 Muribaculaceae_ge 
OTU 144 0.06 0.00 2.52 0.01 Lachnoclostridium 
OTU 156 0.03 0.00 2.14 0.05 Muribaculaceae_ge 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.8. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting hay diets at 14dpi 
with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 

















OTU 003 0.02 1.51 3.22 0.02 Muribaculaceae_ge 
OTU 007 11.71 3.19 4.58 0.04 Lachnospiraceae_NK4A136_group 
OTU 008 7.58 0.02 4.70 0.04 Akkermansia 
OTU 011 0.22 0.00 3.14 0.02 Muribaculaceae_ge 
OTU 013 0.14 1.92 4.22 0.02 Turicibacter 
OTU 016 0.06 7.04 4.63 0.02 Lachnospiraceae_UCG-001 
OTU 019 1.38 0.25 3.70 0.04 Lachnospiraceae_unclassified 
OTU 021 0.00 0.05 3.65 0.02 Bifidobacterium 
OTU 025 1.22 0.02 3.62 0.02 A2 
OTU 031 0.07 0.60 3.36 0.04 Oscillibacter 
OTU 033 0.70 0.06 3.54 0.02 Lachnospiraceae_NK4A136_group 
OTU 036 0.00 0.09 2.38 0.04 Lachnospiraceae_NK4A136_group 
OTU 038 1.10 0.00 3.61 0.02 Lachnospiraceae_unclassified 
OTU 040 0.03 0.00 2.21 0.04 Lachnospiraceae_NK4A136_group 
OTU 047 0.00 0.06 3.49 0.04 Lachnospiraceae_unclassified 
OTU 049 0.01 2.22 4.09 0.02 Lachnospiraceae_UCG-001 
OTU 051 0.49 0.14 3.27 0.02 GCA-900066575 
OTU 052 0.54 0.16 3.67 0.02 Erysipelatoclostridium 
OTU 055 0.00 0.04 2.39 0.01 Clostridium_sensu_stricto_1 
OTU 058 0.50 0.04 3.24 0.02 Lachnospiraceae_unclassified 
OTU 069 0.00 0.02 2.74 0.02 Lachnoclostridium 
OTU 076 0.01 0.00 2.19 0.05 Muribaculaceae_ge 
OTU 082 0.07 0.16 2.86 0.02 uncultured 
OTU 090 0.02 0.23 2.88 0.02 Lachnospiraceae_unclassified 
OTU 104 0.03 0.12 2.66 0.02 Eggerthellaceae_unclassified 
OTU 105 0.00 0.14 2.85 0.05 Lachnospiraceae_NK4A136_group 
OTU 110 0.04 0.15 3.21 0.02 Lachnospiraceae_unclassified 
OTU 112 0.11 0.06 2.54 0.02 Lachnospiraceae_unclassified 
OTU 114 0.26 0.06 2.88 0.02 GCA-900066575 
OTU 119 0.00 0.29 3.42 0.02 Lachnospiraceae_unclassified 
OTU 121 0.00 0.08 3.30 0.01 Lachnospiraceae_unclassified 
OTU 132 0.01 0.08 2.30 0.02 Muribaculaceae_ge 
OTU 135 0.04 0.00 2.25 0.02 Intestinimonas 
OTU 137 0.01 0.18 2.68 0.02 Lachnospiraceae_unclassified 







Table B.8 continued 
OTU 148 0.12 0.00 2.62 0.02 Lachnospiraceae_unclassified 
OTU 150 0.00 0.06 2.65 0.02 Lachnospiraceae_unclassified 
OTU 152 0.03 0.00 2.04 0.02 uncultured 
OTU 156 0.03 0.00 2.14 0.05 Muribaculaceae_ge 
OTU 161 0.00 0.02 2.04 0.04 Lachnospiraceae_unclassified 
OTU 162 0.04 0.19 2.81 0.02 Lachnospiraceae_unclassified 
OTU 167 0.00 0.11 2.79 0.02 uncultured 
OTU 168 0.13 0.02 2.67 0.04 Lachnospiraceae_NK4A136_group 
OTU 178 0.03 0.15 2.71 0.02 Ruminiclostridium_5 
OTU 180 0.05 0.00 3.04 0.04 Clostridiales_vadinBB60_group_ge 
OTU 181 0.02 0.10 2.70 0.02 Oscillibacter 
OTU 183 0.00 0.18 3.01 0.02 Lachnospiraceae_UCG-006 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.9. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting hay diets at 14dpi with 
Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 


















OTU 004 0.02 0.05 2.94 0.04 Dubosiella 
OTU 011 0.59 0.00 3.31 0.02 Muribaculaceae_ge 
OTU 016 0.02 7.04 4.63 0.02 Lachnospiraceae_UCG-001 
OTU 021 0.00 0.05 3.65 0.02 Bifidobacterium 
OTU 025 0.33 0.02 3.48 0.02 A2 
OTU 029 0.59 0.01 3.56 0.04 Lachnospiraceae_unclassified 
OTU 036 0.00 0.09 2.40 0.04 Lachnospiraceae_NK4A136_group 
OTU 040 0.27 0.00 3.25 0.02 Lachnospiraceae_NK4A136_group 
OTU 047 0.00 0.06 3.49 0.02 Lachnospiraceae_unclassified 
OTU 049 0.00 2.22 4.10 0.02 Lachnospiraceae_UCG-001 
OTU 053 0.00 0.01 2.09 0.05 Lachnospiraceae_unclassified 
OTU 081 0.00 0.26 3.12 0.02 Roseburia 
OTU 090 0.04 0.23 2.77 0.04 Lachnospiraceae_unclassified 
OTU 097 0.00 0.07 2.54 0.04 Lachnospiraceae_unclassified 
OTU 099 0.00 0.30 3.17 0.05 Lachnospiraceae_NK4A136_group 
OTU 111 0.10 0.00 2.75 0.02 Lachnospiraceae_unclassified 
OTU 118 0.00 0.08 2.06 0.01 Ruminiclostridium 
OTU 119 0.00 0.29 3.42 0.02 Lachnospiraceae_unclassified 
OTU 121 0.00 0.08 3.30 0.02 Lachnospiraceae_unclassified 
OTU 132 0.02 0.08 2.26 0.04 Muribaculaceae_ge 
OTU 134 0.05 0.00 2.24 0.05 Muribaculaceae_ge 
OTU 135 0.04 0.00 2.44 0.02 Intestinimonas 
OTU 137 0.00 0.18 2.71 0.04 Lachnospiraceae_unclassified 
OTU 138 0.04 0.00 2.15 0.05 Muribaculaceae_ge 
OTU 150 0.00 0.06 2.65 0.02 Lachnospiraceae_unclassified 
OTU 155 0.01 0.00 2.96 0.05 Clostridiales_unclassified 
OTU 161 0.00 0.02 2.01 0.02 Lachnospiraceae_unclassified 
OTU 162 0.01 0.19 2.85 0.02 Lachnospiraceae_unclassified 
OTU 167 0.00 0.11 2.79 0.02 uncultured 
OTU 178 0.01 0.15 2.84 0.02 Ruminiclostridium_5 
OTU 180 0.07 0.00 2.67 0.04 Clostridiales_vadinBB60_group_ge 
OTU 183 0.03 0.18 2.94 0.04 Lachnospiraceae_UCG-006 
OTU 199 0.09 0.00 2.86 0.05 Lachnoclostridium 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 





 Table B.10. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting hay diets at 21dpi 
with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 
















P-value Taxonomy  
OTU 003 16.92 19.75 4.56 0.02 Muribaculaceae_ge 
OTU 004 1.11 11.24 4.46 0.02 Dubosiella 
OTU 007 2.56 0.77 4.47 0.02 Lachnospiraceae_NK4A136_group 
OTU 010 0.61 0.00 3.51 0.02 Muribaculaceae_ge 
OTU 011 1.74 4.04 3.98 0.02 Muribaculaceae_ge 
OTU 020 0.29 0.54 3.26 0.04 Parasutterella 
OTU 021 0.44 0.13 3.41 0.02 Bifidobacterium 
OTU 028 0.23 0.02 3.32 0.04 Anaeroplasma 
OTU 029 0.49 0.06 3.47 0.02 Lachnospiraceae_unclassified 
OTU 035 0.11 0.08 2.47 0.04 Lachnoclostridium 
OTU 040 0.55 0.25 3.39 0.02 Lachnospiraceae_NK4A136_group 
OTU 041 0.00 0.04 2.96 0.02 Ruminococcus_1 
OTU 042 0.17 0.06 3.02 0.02 Ruminiclostridium_5 
OTU 046 0.17 0.07 2.83 0.02 uncultured 
OTU 050 0.17 0.01 2.83 0.02 uncultured 
OTU 055 0.00 0.01 2.92 0.02 Clostridium_sensu_stricto_1 
OTU 059 0.13 0.05 3.08 0.02 Lachnoclostridium 
OTU 066 0.26 0.64 3.22 0.02 Muribaculaceae_ge 
OTU 072 0.00 0.01 3.61 0.01 Mollicutes_RF39_ge 
OTU 073 0.23 0.49 3.11 0.02 Muribaculaceae_ge 
OTU 076 0.15 0.36 2.53 0.02 Muribaculaceae_ge 
OTU 087 0.06 0.03 2.45 0.02 uncultured 
OTU 092 0.05 0.08 2.00 0.04 Ruminiclostridium_9 
OTU 101 0.01 0.21 2.83 0.02 Dubosiella 
OTU 107 0.04 0.01 2.31 0.04 A2 
OTU 109 0.00 0.00 2.41 0.01 Ruminococcaceae_UCG-014 
OTU 111 0.05 0.04 2.45 0.02 Lachnospiraceae_unclassified 
OTU 113 0.04 0.01 2.28 0.02 Anaerotruncus 
OTU 115 0.02 0.00 2.03 0.04 Muribaculaceae_ge 
OTU 121 0.00 0.08 2.26 0.05 Lachnospiraceae_unclassified 
OTU 131 0.04 0.15 2.80 0.02 Muribaculaceae_ge 
OTU 181 0.02 0.01 2.04 0.04 Oscillibacter 
OTU 184 0.00 0.00 2.54 0.01 Ruminococcaceae_UCG-014 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 





 Table B.11. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting hay diets at 21dpi 
with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 

















OTU 007 2.56 0.77 4.45 0.02 Lachnospiraceae_NK4A136_group 
OTU 010 0.61 0.00 3.51 0.02 Muribaculaceae_ge 
OTU 011 1.74 4.04 4.13 0.02 Muribaculaceae_ge 
OTU 020 0.29 0.54 3.20 0.02 Parasutterella 
OTU 021 0.44 0.13 3.38 0.02 Bifidobacterium 
OTU 029 0.49 0.06 3.43 0.02 Lachnospiraceae_unclassified 
OTU 039 0.01 0.28 3.13 0.02 Romboutsia 
OTU 040 0.55 0.25 3.25 0.04 Lachnospiraceae_NK4A136_group 
OTU 047 0.00 0.00 2.41 0.05 Lachnospiraceae_unclassified 
OTU 063 0.13 0.03 2.81 0.02 Lachnospiraceae_NK4A136_group 
OTU 066 0.26 0.64 3.36 0.02 Muribaculaceae_ge 
OTU 073 0.23 0.49 3.24 0.02 Muribaculaceae_ge 
OTU 076 0.15 0.36 3.08 0.02 Muribaculaceae_ge 
OTU 079 0.13 0.07 2.70 0.02 Ruminiclostridium_9 
OTU 093 0.06 0.02 2.40 0.04 Lachnoclostridium 
OTU 096 0.00 0.16 2.90 0.04 Ruminococcaceae_ge 
OTU 101 0.01 0.21 2.84 0.04 Dubosiella 
OTU 102 0.04 0.01 2.38 0.02 Lachnospiraceae_UCG-006 
OTU 107 0.04 0.01 2.36 0.02 A2 
OTU 110 0.02 0.12 2.92 0.02 Lachnospiraceae_unclassified 
OTU 119 0.00 0.14 2.85 0.02 Lachnospiraceae_unclassified 
OTU 127 0.03 0.01 2.15 0.04 Oscillibacter 
OTU 131 0.04 0.15 2.80 0.02 Muribaculaceae_ge 
OTU 132 0.06 0.00 2.39 0.05 Muribaculaceae_ge 
OTU 134 0.06 0.17 2.66 0.04 Muribaculaceae_ge 
OTU 144 0.05 0.00 2.26 0.02 Lachnoclostridium 
OTU 150 0.01 0.00 2.20 0.05 Lachnospiraceae_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.12. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting hay diets at 21dpi with 
Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different OTUs 


















OTU 013 0.17 0.43 3.15 0.02 Turicibacter 
OTU 019 0.04 0.13 2.80 0.04 Lachnospiraceae_unclassified 
OTU 039 0.05 0.28 3.09 0.02 Romboutsia 
OTU 046 0.00 0.07 2.53 0.02 uncultured 
OTU 055 0.37 0.01 3.14 0.02 Clostridium_sensu_stricto_1 
OTU 059 0.01 0.05 2.34 0.02 Lachnoclostridium 
OTU 060 0.01 0.06 2.65 0.04 Lachnospiraceae_unclassified 
OTU 072 0.44 0.01 3.49 0.02 Mollicutes_RF39_ge 
OTU 081 0.01 0.00 2.02 0.02 Roseburia 
OTU 088 0.02 0.09 2.55 0.02 Lachnospiraceae_unclassified 
OTU 096 0.00 0.16 2.91 0.02 Ruminococcaceae_ge 
OTU 103 0.01 0.06 2.32 0.04 Ruminiclostridium_9 
OTU 109 0.04 0.00 2.35 0.02 Ruminococcaceae_UCG-014 
OTU 110 0.01 0.12 2.91 0.02 Lachnospiraceae_unclassified 
OTU 119 0.00 0.14 2.84 0.02 Lachnospiraceae_unclassified 
OTU 184 0.05 0.00 2.49 0.02 Ruminococcaceae_UCG-014 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 







Significantly Different OTUs in the Colon Microbiota of Mice fed Aqueous Alfalfa 
Extracts 
 
Table B.13. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting aqueous extract 
diets after the feed enrichment period (d14) determined by LEfSe analysis in mothur. The significantly 


















OTU 015 1.55 0.00 3.39 0.05 Lachnospiraceae_NK4A136_group 
OTU 041 0.40 0.14 2.65 0.04 Ruminococcus_1 
OTU 051 0.12 0.04 2.27 0.01 GCA-900066575 
OTU 075 0.34 0.02 2.88 0.01 ASF356 
OTU 083 0.01 0.18 2.76 0.04 Ruminococcaceae_UCG-013 
OTU 097 0.12 0.01 2.74 0.004 Lachnospiraceae_unclassified 
OTU 098 0.18 0.03 2.78 0.04 Lachnospiraceae_unclassified 
OTU 126 0.00 0.04 2.14 0.02 Lachnospiraceae_unclassified 
OTU 128 0.18 0.02 2.79 0.02 Lachnospiraceae_unclassified 
OTU 136 0.67 0.00 3.69 0.05 Faecalibaculum 
OTU 161 0.07 0.00 2.82 0.003 Lachnospiraceae_unclassified 
OTU 163 0.08 0.00 2.46 0.05 Lachnospiraceae_unclassified 
OTU 170 0.00 0.03 2.37 0.005 Muribaculaceae_unclassified 
OTU 179 0.00 0.01 3.62 0.02 Lachnospiraceae_unclassified 
OTU 190 0.02 0.00 2.35 0.004 Lachnospiraceae_unclassified 
OTU 199 0.06 0.01 2.26 0.01 Lachnoclostridium 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.14. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting aqueous extract 
diets after the feed enrichment period (d14) determined by LEfSe analysis in mothur. The significantly 


















OTU 012 2.86 1.30 3.57 0.04 Lachnospiraceae_NK4A136_group 
OTU 025 0.38 0.14 2.87 0.04 A2 
OTU 041 0.40 0.12 2.88 0.04 Ruminococcus_1 
OTU 069 0.23 0.02 2.75 0.01 Lachnoclostridium 
OTU 075 0.34 0.02 2.90 0.01 ASF356 
OTU 082 0.11 0.06 2.32 0.02 uncultured 
OTU 095 0.13 0.03 2.63 0.004 Lachnospiraceae_unclassified 
OTU 097 0.12 0.03 2.59 0.004 Lachnospiraceae_unclassified 
OTU 098 0.18 0.02 2.79 0.02 Lachnospiraceae_unclassified 
OTU 103 0.09 0.02 2.54 0.04 Ruminiclostridium_9 
OTU 104 0.04 0.10 2.51 0.01 Eggerthellaceae_unclassified 
OTU 107 0.21 0.01 2.77 0.01 A2 
OTU 128 0.18 0.02 2.87 0.02 Lachnospiraceae_unclassified 
OTU 133 0.03 0.00 2.35 0.05 Lachnospiraceae_unclassified 
OTU 136 0.67 0.00 3.69 0.05 Faecalibaculum 
OTU 140 0.07 0.04 2.21 0.004 Lachnospiraceae_unclassified 
OTU 145 0.03 0.00 2.41 0.05 Lachnospiraceae_unclassified 
OTU 150 0.12 0.01 2.51 0.04 Lachnospiraceae_unclassified 
OTU 161 0.07 0.01 2.75 0.02 Lachnospiraceae_unclassified 
OTU 171 0.00 0.12 2.56 0.03 Muribaculaceae_ge 
OTU 180 0.00 0.01 2.32 0.03 Clostridiales_vadinBB60_group_ge 
OTU 186 0.02 0.08 2.40 0.04 Dubosiella 
OTU 199 0.06 0.02 2.16 0.02 Lachnoclostridium 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.15. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting aqueous extract diets 
after the feed enrichment period (d14) determined by LEfSe analysis in mothur. The significantly 




















OTU 015 0.00 0.58 3.60 0.02 Lachnospiraceae_NK4A136_group 
OTU 035 0.17 0.07 2.63 0.02 Lachnoclostridium 
OTU 083 0.18 0.03 2.36 0.04 Ruminococcaceae_UCG-013 
OTU 097 0.01 0.03 2.20 0.02 Lachnospiraceae_unclassified 
OTU 133 0.15 0.00 2.57 0.05 Lachnospiraceae_unclassified 
OTU 163 0.00 0.02 2.41 0.03 Lachnospiraceae_unclassified 
OTU 179 0.01 0.00 3.62 0.02 Lachnospiraceae_unclassified 
OTU 190 0.00 0.03 2.23 0.03 Lachnospiraceae_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.16. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting aqueous extract 
diets at 4dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 


















OTU 001 10.25 6.02 3.84 0.04 Muribaculaceae_ge 
OTU 002 17.18 7.09 4.66 0.02 Muribaculaceae_ge 
OTU 003 0.02 0.33 3.41 0.02 Muribaculaceae_ge 
OTU 004 13.75 1.41 4.87 0.02 Dubosiella 
OTU 005 1.84 7.33 4.16 0.02 Lactobacillus 
OTU 006 7.04 2.78 4.35 0.02 Bacteroides 
OTU 010 0.00 16.61 4.94 0.02 Muribaculaceae_ge 
OTU 011 0.00 3.70 4.29 0.02 Muribaculaceae_ge 
OTU 022 0.75 0.21 3.35 0.02 Muribaculaceae_ge 
OTU 023 0.80 0.36 3.30 0.02 Muribaculaceae_ge 
OTU 024 0.00 0.04 2.34 0.02 Muribaculaceae_ge 
OTU 027 0.57 0.14 3.19 0.02 Muribaculaceae_ge 
OTU 032 0.32 0.17 2.95 0.02 Bacteroides 
OTU 038 0.00 0.17 2.71 0.02 Lachnospiraceae_unclassified 
OTU 039 0.00 0.04 2.44 0.01 Romboutsia 
OTU 042 0.24 0.08 2.89 0.04 Ruminiclostridium_5 
OTU 043 0.00 0.08 2.46 0.02 Lachnospiraceae_NK4A136_group 
OTU 047 0.09 0.50 3.10 0.04 Lachnospiraceae_unclassified 
OTU 052 0.12 0.02 2.52 0.02 Erysipelatoclostridium 
OTU 053 0.00 0.54 3.47 0.02 Lachnospiraceae_unclassified 
OTU 055 0.00 0.38 3.27 0.02 Clostridium_sensu_stricto_1 
OTU 057 0.00 0.50 3.51 0.02 Lachnospiraceae_unclassified 
OTU 066 0.00 0.02 2.08 0.01 Muribaculaceae_ge 
OTU 069 0.04 0.48 3.31 0.04 Lachnoclostridium 
OTU 070 0.18 0.05 2.59 0.02 Muribaculaceae_ge 
OTU 075 0.00 0.11 2.38 0.04 ASF356 
OTU 076 0.00 0.27 3.13 0.01 Muribaculaceae_ge 
OTU 077 0.21 0.05 2.74 0.02 Muribaculaceae_ge 
OTU 083 0.02 0.14 2.76 0.02 Ruminococcaceae_UCG-013 
OTU 084 0.00 0.25 3.17 0.01 Muribaculaceae_ge 
OTU 085 0.00 0.21 3.04 0.01 Muribaculaceae_ge 
OTU 092 0.05 0.10 2.14 0.04 Ruminiclostridium_9 
OTU 093 0.09 0.05 2.46 0.02 Lachnoclostridium 






Table B.16 continued 
OTU 101 0.10 0.02 2.50 0.02 Dubosiella 
OTU 102 0.11 0.05 2.80 0.04 Lachnospiraceae_UCG-006 
OTU 105 0.00 0.05 2.08 0.01 Lachnospiraceae_NK4A136_group 
OTU 106 0.00 0.49 3.39 0.01 Muribaculaceae_ge 
OTU 110 0.11 0.02 2.60 0.04 Lachnospiraceae_unclassified 
OTU 115 0.00 0.42 3.35 0.01 Muribaculaceae_ge 
OTU 128 0.02 0.08 2.42 0.02 Lachnospiraceae_unclassified 
OTU 129 0.04 0.00 2.18 0.02 uncultured 
OTU 131 0.00 0.10 2.81 0.01 Muribaculaceae_ge 
OTU 133 0.00 0.19 2.95 0.01 Lachnospiraceae_unclassified 
OTU 134 0.00 0.10 2.80 0.01 Muribaculaceae_ge 
OTU 138 0.00 0.09 2.77 0.01 Muribaculaceae_ge 
OTU 139 0.19 0.00 2.81 0.02 Muribaculaceae_ge 
OTU 144 0.00 0.08 2.68 0.01 Lachnoclostridium 
OTU 145 0.00 0.32 3.06 0.02 Lachnospiraceae_unclassified 
OTU 147 0.00 0.05 2.53 0.02 Ruminococcaceae_UCG-014 
OTU 150 0.00 0.06 2.47 0.02 Lachnospiraceae_unclassified 
OTU 151 0.06 0.02 2.01 0.04 Muribaculaceae_ge 
OTU 153 0.00 0.29 3.19 0.01 Muribaculaceae_ge 
OTU 154 0.00 0.29 3.22 0.01 Muribaculaceae_ge 
OTU 156 0.07 0.00 2.35 0.02 Muribaculaceae_ge 
OTU 167 0.00 0.06 2.29 0.04 uncultured 
OTU 169 0.00 0.31 3.34 0.01 Muribaculaceae_ge 
OTU 170 0.04 0.00 2.43 0.01 Muribaculaceae_unclassified 
OTU 173 0.00 0.02 2.46 0.01 Ruminococcaceae_UCG-014 
OTU 177 0.21 0.00 3.12 0.01 Lachnospiraceae_unclassified 
OTU 181 0.01 0.03 2.15 0.02 Oscillibacter 
OTU 186 0.03 0.00 2.30 0.04 Dubosiella 
OTU 189 0.00 0.33 3.36 0.01 Muribaculaceae_ge 
OTU 193 0.10 0.00 2.78 0.05 Muribaculaceae_ge 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.17. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting aqueous extract 
diets at 4dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 


















OTU 004 13.75 0.80 4.91 0.04 Dubosiella 
OTU 006 7.04 2.01 4.55 0.02 Bacteroides 
OTU 007 0.80 3.47 4.72 0.04 Lachnospiraceae_NK4A136_group 
OTU 029 0.00 1.06 4.11 0.05 Lachnospiraceae_unclassified 
OTU 032 0.32 0.09 3.20 0.02 Bacteroides 
OTU 038 0.00 0.18 3.31 0.02 Lachnospiraceae_unclassified 
OTU 040 0.20 0.93 4.08 0.04 Lachnospiraceae_NK4A136_group 
OTU 056 0.43 0.07 3.23 0.02 Ruminiclostridium 
OTU 075 0.00 0.06 2.45 0.04 ASF356 
OTU 093 0.09 0.03 2.61 0.02 Lachnoclostridium 
OTU 098 0.02 0.09 2.49 0.02 Lachnospiraceae_unclassified 
OTU 101 0.10 0.00 2.64 0.04 Dubosiella 
OTU 109 0.07 0.00 2.67 0.01 Ruminococcaceae_UCG-014 
OTU 110 0.11 0.03 2.54 0.02 Lachnospiraceae_unclassified 
OTU 112 0.01 0.06 2.80 0.04 Lachnospiraceae_unclassified 
OTU 139 0.19 0.00 2.82 0.04 Muribaculaceae_ge 
OTU 140 0.06 0.04 2.23 0.04 Lachnospiraceae_unclassified 
OTU 144 0.00 0.02 2.44 0.01 Lachnoclostridium 
OTU 159 0.01 0.11 2.92 0.02 Lachnospiraceae_NK4A136_group 
OTU 170 0.04 0.01 2.43 0.04 Muribaculaceae_unclassified 
OTU 172 0.03 0.00 2.28 0.04 Lachnospiraceae_unclassified 
OTU 177 0.21 0.00 3.12 0.01 Lachnospiraceae_unclassified 
OTU 181 0.01 0.03 2.40 0.02 Oscillibacter 
OTU 185 0.04 0.01 2.12 0.02 Family_XIII_UCG-001 
OTU 193 0.10 0.00 2.78 0.05 Muribaculaceae_ge 
OTU 200 0.02 0.00 2.05 0.05 Clostridiales_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.18. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting aqueous extract diets 
at 4dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different 




















OTU 003 0.33 0.00 3.28 0.02 Muribaculaceae_ge 
OTU 010 16.61 0.00 4.94 0.01 Muribaculaceae_ge 
OTU 011 3.70 0.00 4.27 0.02 Muribaculaceae_ge 
OTU 013 1.31 0.12 3.85 0.02 Turicibacter 
OTU 024 0.04 0.00 2.22 0.02 Muribaculaceae_ge 
OTU 026 0.92 0.00 3.59 0.02 Lachnospiraceae_NK4A136_group 
OTU 034 0.00 0.52 3.25 0.02 Lachnospiraceae_unclassified 
OTU 035 0.06 0.44 3.41 0.04 Lachnoclostridium 
OTU 039 0.04 0.00 2.34 0.02 Romboutsia 
OTU 040 0.10 0.93 4.10 0.02 Lachnospiraceae_NK4A136_group 
OTU 041 0.51 0.00 3.31 0.02 Ruminococcus_1 
OTU 042 0.08 0.35 3.58 0.02 Ruminiclostridium_5 
OTU 053 0.54 0.00 3.32 0.02 Lachnospiraceae_unclassified 
OTU 055 0.38 0.00 3.39 0.01 Clostridium_sensu_stricto_1 
OTU 056 0.28 0.07 2.92 0.04 Ruminiclostridium 
OTU 057 0.50 0.00 3.34 0.02 Lachnospiraceae_unclassified 
OTU 058 0.02 0.14 3.34 0.02 Lachnospiraceae_unclassified 
OTU 063 0.14 0.04 2.59 0.04 Lachnospiraceae_NK4A136_group 
OTU 067 1.25 0.00 3.65 0.04 Lachnospiraceae_NK4A136_group 
OTU 069 0.48 0.00 3.33 0.02 Lachnoclostridium 
OTU 076 0.27 0.00 3.13 0.01 Muribaculaceae_ge 
OTU 084 0.25 0.00 3.16 0.01 Muribaculaceae_ge 
OTU 085 0.21 0.00 3.04 0.01 Muribaculaceae_ge 
OTU 092 0.10 0.02 2.71 0.02 Ruminiclostridium_9 
OTU 095 0.14 0.03 2.78 0.02 Lachnospiraceae_unclassified 
OTU 098 0.03 0.09 2.45 0.02 Lachnospiraceae_unclassified 
OTU 105 0.05 0.00 2.77 0.01 Lachnospiraceae_NK4A136_group 
OTU 106 0.49 0.00 3.44 0.01 Muribaculaceae_ge 
OTU 109 0.06 0.00 2.68 0.01 Ruminococcaceae_UCG-014 
OTU 114 0.00 0.03 2.90 0.02 GCA-900066575 
OTU 115 0.42 0.00 3.36 0.01 Muribaculaceae_ge 
OTU 129 0.00 0.05 2.36 0.04 uncultured 
OTU 131 0.10 0.00 2.74 0.02 Muribaculaceae_ge 






Table B.18 continued 
OTU 138 0.09 0.00 2.73 0.01 Muribaculaceae_ge 
OTU 145 0.32 0.01 3.08 0.04 Lachnospiraceae_unclassified 
OTU 147 0.05 0.00 2.41 0.02 Ruminococcaceae_UCG-014 
OTU 150 0.06 0.01 2.45 0.02 Lachnospiraceae_unclassified 
OTU 153 0.29 0.00 3.14 0.01 Muribaculaceae_ge 
OTU 154 0.29 0.00 3.21 0.01 Muribaculaceae_ge 
OTU 159 0.01 0.11 2.91 0.02 Lachnospiraceae_NK4A136_group 
OTU 160 0.08 0.00 2.64 0.05 Alistipes 
OTU 162 0.00 0.02 2.02 0.04 Lachnospiraceae_unclassified 
OTU 164 0.03 0.00 2.38 0.02 Ruminococcaceae_UCG-014 
OTU 169 0.31 0.00 3.29 0.01 Muribaculaceae_ge 
OTU 173 0.02 0.00 2.36 0.01 Ruminococcaceae_UCG-014 
OTU 183 0.04 0.00 2.16 0.02 Lachnospiraceae_UCG-006 
OTU 184 0.03 0.01 2.37 0.02 Ruminococcaceae_UCG-014 
OTU 188 0.03 0.00 2.44 0.02 Ruminococcaceae_UCG-014 
OTU 189 0.33 0.00 3.28 0.01 Muribaculaceae_ge 
OTU 190 0.04 0.00 2.07 0.02 Lachnospiraceae_unclassified 
OTU 198 0.01 0.02 2.14 0.04 Lachnospiraceae_UCG-004 
OTU 200 0.05 0.00 2.26 0.01 Clostridiales_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 





 Table B.19. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting aqueous extract 
diets at 14dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 


















OTU 040 0.03 0.42 3.81 0.02 Lachnospiraceae_NK4A136_group 
OTU 052 0.54 0.11 3.61 0.04 Erysipelatoclostridium 
OTU 056 0.03 0.11 3.02 0.04 Ruminiclostridium 
OTU 081 0.03 0.00 2.99 0.02 Roseburia 
OTU 088 0.01 0.13 3.32 0.02 Lachnospiraceae_unclassified 
OTU 094 0.06 0.02 2.19 0.02 Enterorhabdus 
OTU 098 0.03 0.09 2.44 0.04 Lachnospiraceae_unclassified 
OTU 113 0.08 0.31 2.96 0.04 Anaerotruncus 
OTU 116 0.00 0.06 2.50 0.02 Lachnospiraceae_unclassified 
OTU 128 0.00 0.01 2.33 0.05 Lachnospiraceae_unclassified 
OTU 180 0.05 0.00 3.03 0.04 Clostridiales_vadinBB60_group_ge 
OTU 188 0.00 0.01 3.37 0.05 Ruminococcaceae_UCG-014 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.20. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting aqueous extract 
diets at 14dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 


















OTU 011 0.22 0.00 3.14 0.01 Muribaculaceae_ge 
OTU 034 0.02 0.26 3.08 0.04 Lachnospiraceae_unclassified 
OTU 040 0.03 0.38 2.93 0.02 Lachnospiraceae_NK4A136_group 
OTU 058 0.50 0.08 3.25 0.02 Lachnospiraceae_unclassified 
OTU 076 0.01 0.00 2.19 0.05 Muribaculaceae_ge 
OTU 083 0.00 0.19 3.42 0.02 Ruminococcaceae_UCG-013 
OTU 091 0.00 0.04 2.33 0.01 Clostridiales_vadinBB60_group_ge 
OTU 113 0.08 0.03 2.54 0.02 Anaerotruncus 
OTU 114 0.26 0.01 3.08 0.02 GCA-900066575 
OTU 119 0.00 0.11 2.72 0.02 Lachnospiraceae_unclassified 
OTU 123 0.00 0.04 2.55 0.02 Ruminococcaceae_UCG-010 
OTU 149 0.00 0.10 2.24 0.04 Lachnospiraceae_unclassified 
OTU 185 0.00 0.03 2.01 0.04 Family_XIII_UCG-001 
OTU 192 0.00 0.04 2.09 0.04 Lachnospiraceae_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.21. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting aqueous extract diets 
at 14dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly different 




















OTU 011 0.16 0.00 3.57 0.05 Muribaculaceae_ge 
OTU 013 0.03 0.55 3.70 0.02 Turicibacter 
OTU 019 3.33 0.40 4.30 0.04 Lachnospiraceae_unclassified 
OTU 028 0.00 0.03 2.05 0.02 Anaeroplasma 
OTU 058 0.43 0.08 3.26 0.02 Lachnospiraceae_unclassified 
OTU 072 0.00 0.09 2.64 0.01 Mollicutes_RF39_ge 
OTU 085 0.01 0.00 2.48 0.05 Muribaculaceae_ge 
OTU 091 0.00 0.04 2.30 0.02 Clostridiales_vadinBB60_group_ge 
OTU 092 0.00 0.04 2.38 0.04 Ruminiclostridium_9 
OTU 095 0.00 0.15 2.45 0.01 Lachnospiraceae_unclassified 
OTU 108 0.00 0.13 2.79 0.04 Clostridiales_vadinBB60_group_ge 
OTU 113 0.31 0.03 3.02 0.02 Anaerotruncus 
OTU 119 0.00 0.11 2.58 0.04 Lachnospiraceae_unclassified 
OTU 146 0.08 0.00 2.64 0.05 Lachnospiraceae_NK4A136_group 
OTU 159 0.04 0.00 2.16 0.02 Lachnospiraceae_NK4A136_group 
OTU 171 0.00 0.04 2.52 0.05 Muribaculaceae_ge 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.22. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting aqueous extract 
diets at 21dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 


















OTU 003 16.92 25.68 4.33 0.03 Muribaculaceae_ge 
OTU 008 1.71 6.31 4.20 0.03 Akkermansia 
OTU 010 0.61 0.01 3.60 0.03 Muribaculaceae_ge 
OTU 011 1.74 2.34 3.65 0.03 Muribaculaceae_ge 
OTU 021 0.44 0.03 3.51 0.03 Bifidobacterium 
OTU 043 0.18 0.00 3.58 0.03 Lachnospiraceae_NK4A136_group 
OTU 059 0.13 0.04 2.60 0.03 Lachnoclostridium 
OTU 066 0.26 0.41 2.52 0.03 Muribaculaceae_ge 
OTU 073 0.23 0.34 2.61 0.03 Muribaculaceae_ge 
OTU 083 0.15 0.34 3.19 0.03 Ruminococcaceae_UCG-013 
OTU 107 0.04 0.02 2.38 0.03 A2 
OTU 115 0.02 0.00 2.16 0.03 Muribaculaceae_ge 
OTU 127 0.03 0.01 2.27 0.03 Oscillibacter 
OTU 131 0.04 0.11 2.62 0.03 Muribaculaceae_ge 
OTU 159 0.03 0.00 2.47 0.03 Lachnospiraceae_NK4A136_group 
OTU 160 0.00 0.06 2.49 0.03 Alistipes 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.23. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting aqueous extract 
diets at 21dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 


















OTU 004 1.11 14.16 4.83 0.02 Dubosiella 
OTU 007 2.56 1.00 3.87 0.04 Lachnospiraceae_NK4A136_group 
OTU 010 0.61 0.00 3.51 0.02 Muribaculaceae_ge 
OTU 011 1.74 2.73 3.37 0.04 Muribaculaceae_ge 
OTU 013 0.31 0.03 2.96 0.02 Turicibacter 
OTU 018 0.25 0.51 3.18 0.02 Muribaculaceae_ge 
OTU 028 0.23 0.01 2.50 0.04 Anaeroplasma 
OTU 040 0.55 0.17 3.27 0.02 Lachnospiraceae_NK4A136_group 
OTU 050 0.17 0.05 2.90 0.02 uncultured 
OTU 076 0.15 0.27 2.51 0.02 Muribaculaceae_ge 
OTU 080 0.02 0.10 2.72 0.02 Dubosiella 
OTU 094 0.07 0.10 2.21 0.04 Enterorhabdus 
OTU 101 0.01 0.20 2.93 0.02 Dubosiella 
OTU 110 0.02 0.00 2.17 0.02 Lachnospiraceae_unclassified 
OTU 113 0.04 0.01 2.27 0.02 Anaerotruncus 
OTU 115 0.02 0.00 2.05 0.01 Muribaculaceae_ge 
OTU 125 0.02 0.07 2.61 0.04 Akkermansia 
OTU 134 0.06 0.20 2.60 0.04 Muribaculaceae_ge 
OTU 138 0.06 0.18 2.59 0.04 Muribaculaceae_ge 
OTU 142 0.00 0.09 2.62 0.02 Muribaculaceae_ge 
OTU 146 0.00 0.13 2.78 0.01 Lachnospiraceae_NK4A136_group 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.24. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting aqueous extract 
diets at 21dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 




















OTU 001 8.26 14.60 4.73 0.03 Muribaculaceae_ge 
OTU 003 25.68 12.61 4.95 0.03 Muribaculaceae_ge 
OTU 004 1.83 14.16 4.78 0.03 Dubosiella 
OTU 018 0.20 0.51 3.35 0.03 Muribaculaceae_ge 
OTU 022 0.26 0.57 3.44 0.03 Muribaculaceae_ge 
OTU 027 0.10 0.45 3.29 0.03 Muribaculaceae_ge 
OTU 030 1.02 0.56 3.59 0.03 Muribaculaceae_ge 
OTU 043 0.00 0.22 2.90 0.03 Lachnospiraceae_NK4A136_group 
OTU 070 0.05 0.19 2.93 0.03 Muribaculaceae_ge 
OTU 077 0.05 0.14 2.82 0.03 Muribaculaceae_ge 
OTU 083 0.34 0.04 3.13 0.03 Ruminococcaceae_UCG-013 
OTU 084 0.12 0.22 2.85 0.03 Muribaculaceae_ge 
OTU 094 0.03 0.10 2.58 0.03 Enterorhabdus 
OTU 101 0.02 0.20 2.83 0.03 Dubosiella 
OTU 103 0.04 0.02 2.02 0.03 Ruminiclostridium_9 
OTU 112 0.04 0.02 2.13 0.03 Lachnospiraceae_unclassified 
OTU 113 0.09 0.01 2.42 0.03 Anaerotruncus 
OTU 114 0.00 0.03 2.20 0.03 GCA-900066575 
OTU 122 0.13 0.03 2.73 0.03 Ruminiclostridium 
OTU 129 0.01 0.04 2.35 0.03 uncultured 
OTU 134 0.06 0.20 2.79 0.03 Muribaculaceae_ge 
OTU 142 0.03 0.09 2.59 0.03 Muribaculaceae_ge 
OTU 146 0.00 0.13 2.38 0.03 Lachnospiraceae_NK4A136_group 
OTU 151 0.01 0.04 2.42 0.03 Muribaculaceae_ge 
OTU 171 0.00 0.04 2.61 0.03 Muribaculaceae_ge 
OTU 192 0.04 0.03 2.05 0.03 Lachnospiraceae_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 







Significantly Different OTUs in the Colon Microbiota of Mice fed Chloroform Alfalfa 
Extracts 
 
Table B.25. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting chloroform 
extract diets after the feed enrichment period (d14) determined by LEfSe analysis in mothur. The 
significantly different OTUs between the two groups are shown for the 200 most abundant OTUs in the 


















OTU 024 0.00 0.00 3.59 0.02 Muribaculaceae_ge 
OTU 025 0.38 0.12 3.05 0.04 A2(100) 
OTU 039 0.03 0.00 2.18 0.02 Romboutsia 
OTU 040 0.02 0.29 3.18 0.01 Lachnospiraceae_NK4A136_group 
OTU 046 0.01 0.04 2.42 0.01 uncultured 
OTU 047 0.01 0.27 3.16 0.004 Lachnospiraceae_unclassified 
OTU 051 0.12 0.05 2.17 0.02 GCA-900066575 
OTU 055 0.10 0.00 2.60 0.02 Clostridium_sensu_stricto_1 
OTU 067 0.20 0.00 2.82 0.01 Lachnospiraceae_NK4A136_group 
OTU 069 0.23 0.09 2.88 0.02 Lachnoclostridium 
OTU 075 0.34 0.07 2.89 0.04 ASF356 
OTU 083 0.01 0.04 2.43 0.01 Ruminococcaceae_UCG-013 
OTU 092 0.12 0.08 2.39 0.04 Ruminiclostridium_9 
OTU 128 0.18 0.01 2.90 0.02 Lachnospiraceae_unclassified 
OTU 136 0.67 0.00 3.69 0.05 Faecalibaculum 
OTU 140 0.07 0.03 2.32 0.004 Lachnospiraceae_unclassified 
OTU 159 0.00 0.04 2.16 0.00 Lachnospiraceae_NK4A136_group 
OTU 189 0.00 0.34 3.04 0.02 Muribaculaceae_ge 
OTU 199 0.06 0.01 2.53 0.01 Lachnoclostridium 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.26. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting chloroform 
extract diets after the feed enrichment period (d14) determined by LEfSe analysis in mothur. The 
significantly different OTUs between the two groups are shown for the 200 most abundant OTUs in the 


















OTU 001 6.97 17.52 4.84 0.02 Muribaculaceae_ge 
OTU 010 0.01 0.00 4.60 0.02 Muribaculaceae_ge 
OTU 012 2.86 0.00 3.99 0.04 Lachnospiraceae_NK4A136_group 
OTU 018 0.16 0.62 3.28 0.04 Muribaculaceae_ge 
OTU 022 0.60 1.09 3.20 0.02 Muribaculaceae_ge 
OTU 025 0.38 0.08 3.19 0.02 A2 
OTU 026 0.08 0.00 3.32 0.004 Lachnospiraceae_NK4A136_group 
OTU 027 0.41 1.04 3.17 0.02 Muribaculaceae_ge 
OTU 034 0.00 0.52 3.77 0.05 Lachnospiraceae_unclassified 
OTU 036 0.64 0.03 3.41 0.04 Lachnospiraceae_NK4A136_group 
OTU 038 0.09 0.00 2.84 0.03 Lachnospiraceae_unclassified 
OTU 040 0.02 0.29 3.57 0.01 Lachnospiraceae_NK4A136_group 
OTU 046 0.01 0.27 3.37 0.01 uncultured 
OTU 051 0.12 0.04 2.60 0.01 GCA-900066575 
OTU 067 0.20 0.00 2.83 0.01 Lachnospiraceae_NK4A136_group 
OTU 069 0.23 0.01 3.03 0.004 Lachnoclostridium 
OTU 075 0.34 0.02 3.10 0.01 ASF356 
OTU 077 0.14 0.30 2.54 0.02 Muribaculaceae_ge 
OTU 083 0.01 0.13 2.80 0.01 Ruminococcaceae_UCG-013 
OTU 092 0.12 0.06 2.55 0.02 Ruminiclostridium_9 
OTU 095 0.13 0.06 2.44 0.02 Lachnospiraceae_unclassified 
OTU 098 0.18 0.03 2.62 0.02 Lachnospiraceae_unclassified 
OTU 104 0.04 0.08 2.19 0.01 Eggerthellaceae_unclassified 
OTU 126 0.00 0.07 2.67 0.03 Lachnospiraceae_unclassified 
OTU 150 0.12 0.01 2.52 0.04 Lachnospiraceae_unclassified 
OTU 159 0.00 0.04 2.65 0.01 Lachnospiraceae_NK4A136_group 
OTU 172 0.05 0.00 2.57 0.02 Lachnospiraceae_unclassified 
OTU 199 0.06 0.00 2.54 0.01 Lachnoclostridium 
OTU 200 0.04 0.01 2.30 0.02 Clostridiales_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.27. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting chloroform extract 
diets after the feed enrichment period (d14) determined by LEfSe analysis in mothur. The significantly 




















OTU 001 5.38 17.52 4.82 0.01 Muribaculaceae_ge 
OTU 010 18.10 0.00 4.39 0.002 Muribaculaceae_ge 
OTU 011 3.74 0.00 3.82 0.005 Muribaculaceae_ge 
OTU 022 1.05 0.77 2.85 0.02 Muribaculaceae_ge 
OTU 024 0.00 0.00 3.12 0.05 Muribaculaceae_ge 
OTU 027 0.23 1.04 2.98 0.01 Muribaculaceae_ge 
OTU 036 0.44 0.03 3.09 0.02 Lachnospiraceae_NK4A136_group 
OTU 038 0.05 0.00 2.55 0.02 Lachnospiraceae_unclassified 
OTU 046 0.04 0.27 3.33 0.04 uncultured 
OTU 047 0.27 0.04 3.04 0.004 Lachnospiraceae_unclassified 
OTU 053 0.13 0.00 3.40 0.03 Lachnospiraceae_unclassified 
OTU 069 0.09 0.01 2.67 0.01 Lachnoclostridium 
OTU 070 0.08 0.33 2.35 0.02 Muribaculaceae_ge 
OTU 076 0.39 0.00 2.80 0.01 Muribaculaceae_ge 
OTU 077 0.06 0.30 2.28 0.01 Muribaculaceae_ge 
OTU 084 0.38 0.00 2.75 0.01 Muribaculaceae_ge 
OTU 085 0.36 0.00 2.73 0.01 Muribaculaceae_ge 
OTU 106 0.74 0.00 2.96 0.02 Muribaculaceae_ge 
OTU 115 0.66 0.00 2.94 0.02 Muribaculaceae_ge 
OTU 131 0.10 0.00 2.31 0.02 Muribaculaceae_ge 
OTU 134 0.09 0.00 2.33 0.01 Muribaculaceae_ge 
OTU 138 0.09 0.00 2.18 0.01 Muribaculaceae_ge 
OTU 142 0.00 0.12 2.64 0.05 Muribaculaceae_ge 
OTU 144 0.03 0.00 2.18 0.01 Lachnoclostridium 
OTU 149 0.04 0.01 2.14 0.04 Lachnospiraceae_unclassified 
OTU 153 0.43 0.00 2.69 0.02 Muribaculaceae_ge 
OTU 154 0.39 0.00 2.66 0.02 Muribaculaceae_ge 
OTU 156 0.04 0.11 2.20 0.04 Muribaculaceae_ge 
OTU 158 0.04 0.01 2.50 0.02 Ruminococcaceae_unclassified 
OTU 166 0.02 0.06 2.27 0.01 Muribaculaceae_ge 
OTU 169 0.36 0.00 2.70 0.02 Muribaculaceae_ge 
OTU 189 0.34 0.00 2.66 0.02 Muribaculaceae_ge 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.28. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting chloroform 
extract diets at 4dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The 
significantly different OTUs between the two groups are shown for the 200 most abundant OTUs in the 


















OTU 006 7.04 0.05 4.45 0.03 Bacteroides 
OTU 032 0.32 0.00 3.15 0.03 Bacteroides 
OTU 051 0.12 0.02 2.72 0.03 GCA-900066575 
OTU 052 0.12 0.00 2.67 0.03 Erysipelatoclostridium 
OTU 081 0.25 0.00 3.38 0.03 Roseburia 
OTU 109 0.07 0.00 2.55 0.03 Ruminococcaceae_UCG-014 
OTU 120 0.05 0.00 2.12 0.03 Lachnospiraceae_unclassified 
OTU 129 0.04 0.00 2.62 0.03 uncultured 
OTU 139 0.19 0.00 2.97 0.03 Muribaculaceae_ge 
OTU 170 0.04 0.00 2.27 0.03 Muribaculaceae_unclassified 
OTU 177 0.21 0.00 2.93 0.03 Lachnospiraceae_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.29. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting chloroform 
extract diets at 4dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The 
significantly different OTUs between the two groups are shown for the 200 most abundant OTUs in the 


















OTU 001 10.25 2.05 4.56 0.02 Muribaculaceae_ge 
OTU 002 17.18 5.76 4.76 0.02 Muribaculaceae_ge 
OTU 003 0.02 22.32 5.05 0.02 Muribaculaceae_ge 
OTU 006 7.04 1.97 4.45 0.02 Bacteroides 
OTU 011 0.00 2.60 3.98 0.02 Muribaculaceae_ge 
OTU 014 1.02 0.06 3.64 0.02 Enterobacteriaceae_unclassified 
OTU 015 0.08 2.15 4.02 0.04 Lachnospiraceae_NK4A136_group 
OTU 020 0.29 0.15 2.90 0.04 Parasutterella 
OTU 021 0.67 0.18 3.52 0.02 Bifidobacterium 
OTU 022 0.75 0.10 3.50 0.02 Muribaculaceae_ge 
OTU 023 0.80 0.22 3.43 0.02 Muribaculaceae_ge 
OTU 024 0.00 1.37 3.74 0.02 Muribaculaceae_ge 
OTU 027 0.57 0.05 3.40 0.02 Muribaculaceae_ge 
OTU 029 0.00 0.06 2.67 0.05 Lachnospiraceae_unclassified 
OTU 030 0.00 1.07 3.65 0.02 Muribaculaceae_ge 
OTU 032 0.32 0.11 3.02 0.02 Bacteroides 
OTU 037 0.00 0.85 3.60 0.02 Muribaculaceae_ge 
OTU 038 0.00 0.09 2.60 0.02 Lachnospiraceae_unclassified 
OTU 045 0.00 0.19 2.99 0.01 Muribaculaceae_ge 
OTU 047 0.09 1.14 3.92 0.02 Lachnospiraceae_unclassified 
OTU 048 0.00 0.25 3.04 0.01 Muribaculaceae_ge 
OTU 054 0.00 0.21 2.93 0.01 Muribaculaceae_ge 
OTU 066 0.00 0.57 3.35 0.01 Muribaculaceae_ge 
OTU 068 0.00 0.15 2.86 0.01 Muribaculaceae_ge 
OTU 070 0.18 0.03 2.81 0.02 Muribaculaceae_ge 
OTU 073 0.00 0.42 3.28 0.01 Muribaculaceae_ge 
OTU 076 0.00 0.23 2.83 0.01 Muribaculaceae_ge 
OTU 077 0.21 0.00 2.96 0.02 Muribaculaceae_ge 
OTU 078 0.00 0.22 2.96 0.01 Muribaculaceae_ge 
OTU 084 0.00 0.13 2.63 0.01 Muribaculaceae_ge 
OTU 085 0.00 0.15 2.67 0.01 Muribaculaceae_ge 
OTU 089 0.00 0.08 2.52 0.01 Muribaculaceae_ge 
OTU 093 0.09 0.07 2.45 0.02 Lachnoclostridium 






Table B.29 continued 
OTU 122 0.03 0.00 2.40 0.02 Ruminiclostridium 
OTU 131 0.00 0.12 2.58 0.01 Muribaculaceae_ge 
OTU 145 0.00 0.19 3.13 0.02 Lachnospiraceae_unclassified 
OTU 149 0.01 0.08 2.53 0.02 Lachnospiraceae_unclassified 
OTU 151 0.06 0.00 2.31 0.02 Muribaculaceae_ge 
OTU 156 0.07 0.00 2.51 0.01 Muribaculaceae_ge 
OTU 161 0.04 0.00 2.58 0.02 Lachnospiraceae_unclassified 
OTU 163 0.00 0.14 2.98 0.02 Lachnospiraceae_unclassified 
OTU 170 0.04 0.00 2.43 0.02 Muribaculaceae_unclassified 
OTU 177 0.21 0.00 3.11 0.02 Lachnospiraceae_unclassified 
OTU 187 0.00 0.03 2.14 0.01 Muribaculaceae_ge 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.30. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting chloroform extract 
diets at 4dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 




















OTU 003 0.03 22.32 5.11 0.03 Muribaculaceae_ge 
OTU 011 0.00 2.60 4.11 0.03 Muribaculaceae_ge 
OTU 024 0.00 1.37 3.85 0.03 Muribaculaceae_ge 
OTU 030 0.01 1.07 3.76 0.03 Muribaculaceae_ge 
OTU 037 0.00 0.85 3.70 0.03 Muribaculaceae_ge 
OTU 047 0.16 1.14 3.71 0.03 Lachnospiraceae_unclassified 
OTU 052 0.00 0.05 2.60 0.03 Erysipelatoclostridium 
OTU 066 0.00 0.57 3.51 0.03 Muribaculaceae_ge 
OTU 073 0.00 0.42 3.42 0.03 Muribaculaceae_ge 
OTU 076 0.00 0.23 3.08 0.03 Muribaculaceae_ge 
OTU 078 0.00 0.22 3.04 0.03 Muribaculaceae_ge 
OTU 083 0.01 0.25 3.08 0.03 Ruminococcaceae_UCG-013 
OTU 085 0.00 0.15 2.88 0.03 Muribaculaceae_ge 
OTU 089 0.00 0.08 2.59 0.03 Muribaculaceae_ge 
OTU 130 0.01 0.04 2.53 0.03 Lachnospiraceae_unclassified 
OTU 131 0.00 0.12 2.80 0.03 Muribaculaceae_ge 
OTU 145 0.00 0.19 2.89 0.03 Lachnospiraceae_unclassified 
OTU 158 0.02 0.05 2.30 0.03 Ruminococcaceae_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.31. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting chloroform 
extract diets at 14dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The 
significantly different OTUs between the two groups are shown for the 200 most abundant OTUs in the 


















OTU 007 11.71 3.71 4.49 0.02 Lachnospiraceae_NK4A136_group 
OTU 011 0.22 0.00 2.85 0.02 Muribaculaceae_ge 
OTU 013 0.14 0.37 3.34 0.02 Turicibacter 
OTU 015 0.00 0.76 4.04 0.04 Lachnospiraceae_NK4A136_group 
OTU 021 0.00 0.94 3.85 0.02 Bifidobacterium 
OTU 038 1.10 0.00 3.74 0.02 Lachnospiraceae_unclassified 
OTU 039 0.26 1.62 3.92 0.04 Romboutsia 
OTU 058 0.50 0.15 2.98 0.04 Lachnospiraceae_unclassified 
OTU 108 0.06 0.00 2.76 0.05 Clostridiales_vadinBB60_group_ge 
OTU 112 0.11 0.03 2.52 0.04 Lachnospiraceae_unclassified 
OTU 119 0.00 0.21 3.27 0.02 Lachnospiraceae_unclassified 
OTU 144 0.06 0.00 2.56 0.01 Lachnoclostridium 
OTU 146 0.02 0.00 2.02 0.05 Lachnospiraceae_NK4A136_group 
OTU 168 0.13 0.03 2.40 0.02 Lachnospiraceae_NK4A136_group 
OTU 180 0.05 0.00 3.22 0.02 Clostridiales_vadinBB60_group_ge 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.32. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting chloroform 
extract diets at 14dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The 
significantly different OTUs between the two groups are shown for the 200 most abundant OTUs in the 


















OTU 003 0.02 0.35 3.22 0.02 Muribaculaceae_ge 
OTU 010 0.00 0.14 2.85 0.04 Muribaculaceae_ge 
OTU 013 0.14 1.71 3.83 0.02 Turicibacter 
OTU 024 0.00 0.03 2.18 0.05 Muribaculaceae_ge 
OTU 034 0.02 1.28 3.80 0.04 Lachnospiraceae_unclassified 
OTU 040 0.03 0.39 3.23 0.02 Lachnospiraceae_NK4A136_group 
OTU 043 0.01 2.66 4.11 0.02 Lachnospiraceae_NK4A136_group 
OTU 054 0.00 0.05 2.44 0.05 Muribaculaceae_ge 
OTU 055 0.00 0.06 2.49 0.01 Clostridium_sensu_stricto_1 
OTU 063 0.15 0.02 2.81 0.02 Lachnospiraceae_NK4A136_group 
OTU 068 0.00 0.02 2.05 0.05 Muribaculaceae_ge 
OTU 081 0.03 0.00 2.99 0.01 Roseburia 
OTU 089 0.00 0.04 2.26 0.05 Muribaculaceae_ge 
OTU 103 0.09 0.13 2.46 0.04 Ruminiclostridium_9 
OTU 144 0.06 0.29 3.05 0.04 Lachnoclostridium 
OTU 194 0.02 0.00 2.07 0.02 Ruminiclostridium_5 
OTU 198 0.04 0.00 2.29 0.04 Lachnospiraceae_UCG-004 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.33. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting chloroform extract 
diets at 14dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 




















OTU 003 0.02 0.35 3.22 0.02 Muribaculaceae_ge 
OTU 013 0.37 1.71 3.65 0.02 Turicibacter 
OTU 018 0.89 0.45 3.19 0.04 Muribaculaceae_ge 
OTU 021 0.94 0.00 3.85 0.02 Bifidobacterium 
OTU 024 0.00 0.03 2.18 0.05 Muribaculaceae_ge 
OTU 038 0.00 1.30 3.81 0.02 Lachnospiraceae_unclassified 
OTU 039 1.62 0.35 3.89 0.02 Romboutsia 
OTU 043 0.00 2.66 4.11 0.01 Lachnospiraceae_NK4A136_group 
OTU 054 0.00 0.05 2.44 0.05 Muribaculaceae_ge 
OTU 055 0.00 0.06 2.49 0.02 Clostridium_sensu_stricto_1 
OTU 068 0.00 0.02 2.05 0.05 Muribaculaceae_ge 
OTU 076 0.00 0.05 2.43 0.05 Muribaculaceae_ge 
OTU 081 0.03 0.00 2.94 0.05 Roseburia 
OTU 084 0.00 0.05 2.37 0.05 Muribaculaceae_ge 
OTU 089 0.00 0.04 2.27 0.05 Muribaculaceae_ge 
OTU 130 0.04 0.01 2.05 0.02 Lachnospiraceae_unclassified 
OTU 138 0.00 0.05 2.38 0.05 Muribaculaceae_ge 
OTU 144 0.00 0.29 3.16 0.01 Lachnoclostridium 
OTU 175 0.00 0.16 2.88 0.02 Lachnospiraceae_unclassified 
OTU 180 0.00 0.03 2.12 0.02 Clostridiales_vadinBB60_group_ge 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.34. Significantly different OTUs1 (P ≤ 0.05) between control and 1st cutting chloroform 
extract diets at 21dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The 
significantly different OTUs between the two groups are shown for the 200 most abundant OTUs in the 


















OTU 008 1.71 3.87 3.84 0.04 Akkermansia 
OTU 010 0.61 0.00 3.60 0.02 Muribaculaceae_ge 
OTU 015 0.94 0.00 3.67 0.05 Lachnospiraceae_NK4A136_group 
OTU 016 0.77 0.00 3.58 0.04 Lachnospiraceae_UCG-001 
OTU 018 0.25 0.97 3.56 0.02 Muribaculaceae_ge 
OTU 028 0.23 0.01 3.45 0.02 Anaeroplasma 
OTU 029 0.49 0.00 3.39 0.02 Lachnospiraceae_unclassified 
OTU 040 0.55 0.02 3.34 0.02 Lachnospiraceae_NK4A136_group 
OTU 049 0.24 0.00 3.08 0.05 Lachnospiraceae_UCG-001 
OTU 053 0.003 0.00 3.28 0.05 Lachnospiraceae_unclassified 
OTU 059 0.13 0.01 2.79 0.02 Lachnoclostridium 
OTU 072 0.00 0.005 2.19 0.05 Mollicutes_RF39_ge 
OTU 081 0.00 0.51 3.24 0.04 Roseburia 
OTU 095 0.04 0.00 2.18 0.04 Lachnospiraceae_unclassified 
OTU 107 0.04 0.00 2.46 0.02 A2 
OTU 115 0.02 0.00 2.16 0.01 Muribaculaceae_ge 
OTU 119 0.00 0.08 2.50 0.02 Lachnospiraceae_unclassified 
OTU 163 0.04 0.00 2.27 0.05 Lachnospiraceae_unclassified 
OTU 165 0.00 0.05 2.22 0.05 Bacteroides 
OTU 175 0.02 0.00 2.36 0.05 Lachnospiraceae_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 






 Table B.35. Significantly different OTUs1 (P ≤ 0.05) between control and 5th cutting chloroform 
extract diets at 21dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The 
significantly different OTUs between the two groups are shown for the 200 most abundant OTUs in the 




















OTU 006 1.95 7.67 4.25 0.04 Bacteroides 
OTU 008 1.71 11.98 4.45 0.02 Akkermansia 
OTU 010 0.61 0.00 3.51 0.02 Muribaculaceae_ge 
OTU 028 0.23 0.00 3.36 0.04 Anaeroplasma 
OTU 029 0.49 0.00 3.48 0.01 Lachnospiraceae_unclassified 
OTU 031 0.10 0.03 2.79 0.04 Oscillibacter 
OTU 032 0.09 0.45 3.00 0.04 Bacteroides 
OTU 033 0.16 0.03 2.87 0.02 Lachnospiraceae_NK4A136_group 
OTU 040 0.55 0.01 3.42 0.02 Lachnospiraceae_NK4A136_group 
OTU 042 0.17 0.00 3.06 0.02 Ruminiclostridium_5 
OTU 043 0.18 0.00 3.40 0.02 Lachnospiraceae_NK4A136_group 
OTU 056 0.14 0.00 2.96 0.04 Ruminiclostridium 
OTU 059 0.13 0.00 3.09 0.01 Lachnoclostridium 
OTU 062 0.11 0.00 2.99 0.04 Ruminococcaceae_unclassified 
OTU 063 0.13 0.00 2.90 0.02 Lachnospiraceae_NK4A136_group 
OTU 065 0.23 0.00 3.17 0.05 Lachnospiraceae_unclassified 
OTU 069 0.03 0.00 2.97 0.04 Lachnoclostridium 
OTU 076 0.15 0.06 2.73 0.02 Muribaculaceae_ge 
OTU 086 0.04 0.01 2.65 0.02 uncultured 
OTU 090 0.06 0.00 2.61 0.02 Lachnospiraceae_unclassified 
OTU 093 0.06 0.00 2.53 0.02 Lachnoclostridium 
OTU 096 0.00 0.00 2.14 0.05 Ruminococcaceae_ge 
OTU 102 0.04 0.00 2.41 0.02 Lachnospiraceae_UCG-006 
OTU 107 0.04 0.00 2.33 0.04 A2 
OTU 111 0.05 0.01 2.38 0.02 Lachnospiraceae_unclassified 
OTU 115 0.02 0.00 2.03 0.01 Muribaculaceae_ge 
OTU 123 0.04 0.00 2.33 0.05 Ruminococcaceae_UCG-010 
OTU 125 0.02 0.18 2.67 0.02 Akkermansia 
OTU 126 0.08 0.00 2.86 0.02 Lachnospiraceae_unclassified 
OTU 143 0.04 0.00 2.18 0.02 Ruminococcaceae_unclassified 
OTU 144 0.05 0.01 2.07 0.04 Lachnoclostridium 
OTU 149 0.02 0.00 2.26 0.05 Lachnospiraceae_unclassified 
OTU 159 0.03 0.00 2.33 0.01 Lachnospiraceae_NK4A136_group 







Table B.35 continued 
OTU 175 0.02 0.00 2.22 0.05 Lachnospiraceae_unclassified 
OTU 192 0.03 0.00 2.26 0.02 Lachnospiraceae_unclassified 
OTU 197 0.03 0.00 2.26 0.05 Acetatifactor 
OTU 198 0.04 0.00 2.25 0.04 Lachnospiraceae_UCG-004 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 









 Table B.36. Significantly different OTUs1 (P ≤ 0.05) between 1st and 5th cutting chloroform extract 
diets at 21dpi with Citrobacter rodentium determined by LEfSe analysis in mothur. The significantly 




















OTU 031 0.24 0.03 2.94 0.02 Oscillibacter 
OTU 034 0.44 0.19 3.30 0.02 Lachnospiraceae_unclassified 
OTU 042 0.13 0.00 2.83 0.02 Ruminiclostridium_5 
OTU 057 0.00 0.005 2.63 0.05 Lachnospiraceae_unclassified 
OTU 062 0.09 0.00 2.47 0.02 Ruminococcaceae_unclassified 
OTU 063 0.12 0.00 2.64 0.02 Lachnospiraceae_NK4A136_group 
OTU 071 0.15 0.00 2.51 0.04 Clostridiales_vadinBB60_group_ge 
OTU 081 0.51 0.00 3.17 0.04 Roseburia 
OTU 093 0.05 0.00 2.28 0.02 Lachnoclostridium 
OTU 102 0.05 0.00 2.26 0.02 Lachnospiraceae_UCG-006 
OTU 104 0.07 0.04 2.07 0.02 Eggerthellaceae_unclassified 
OTU 111 0.04 0.01 2.03 0.04 Lachnospiraceae_unclassified 
OTU 119 0.08 0.00 2.50 0.02 Lachnospiraceae_unclassified 
OTU 122 0.05 0.01 2.20 0.04 Ruminiclostridium 
OTU 123 0.03 0.00 2.20 0.05 Ruminococcaceae_UCG-010 
OTU 124 0.04 0.00 2.24 0.02 Ruminiclostridium_9 
OTU 125 0.05 0.18 2.61 0.04 Akkermansia 
OTU 126 0.04 0.00 2.23 0.02 Lachnospiraceae_unclassified 
OTU 129 0.01 0.00 2.33 0.02 uncultured 
OTU 131 0.07 0.03 2.53 0.04 Muribaculaceae_ge 
OTU 134 0.14 0.02 2.87 0.04 Muribaculaceae_ge 
OTU 159 0.03 0.00 2.23 0.01 Lachnospiraceae_NK4A136_group 
OTU 161 0.04 0.00 2.48 0.04 Lachnospiraceae_unclassified 
1Abbreviations: OTU = operational taxonomic unit; LEfSE = linear discriminant analysis effect size; 
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1. New production processes and additional uses for corn co-products result in distiller’s 
dried grains with solubles (DDGS) with varying energy and amino acid digestibility. 
The objective of this study was to determine the performance, N-corrected 
metabolizable energy (AMEn), and amino acid (AA) digestibility of a 34% CP (as fed) 
high-protein DDGS (HP-DDGS) in straight-run Cobb 500 broiler chickens.  
2. A total of 832 Cobb 500 broilers were randomly assigned to 4 dietary treatments 
containing 5% conventional DDGS (CV-DDGS) as a control or 10, 15, and 20% HP-






selected for a concurrent AMEn and AA digestibility experiment consisting of two 
AMEn diets and two AA diets.  
3. Birds fed diets containing 15 and 20% HP DDGS gained less weight than birds fed 
the CV-DDGS (P <0.05) but did not have a different feed intake (FI). As a result, birds 
fed the 15 and 20% HP-DDGS diets had a less efficient FCR than the control (P <0.05). 
The AMEn of HP-DDGS was determined to be 11.4 MJ/kg. The standardised ileal 
amino acid digestibility (SIAAD) of essential amino acids Lys and Met were determined 
at 80.9 and 88.6%, respectively. 
4. HP-DDGS can be included in broiler diets up to 10% without a negative impact on 
performance or requiring supplemental Lys and Arg. The results from the AA 
digestibility study indicate that HP-DDGS could be a good source of digestible Lys.  
 




Distillers dried grains with solubles (DDGS) are a co-product of the dry-milling 
process of ethanol production and have been used in poultry diets because they are a 
readily-available corn co-product that contain significant and concentrated amounts of 
CP, AA, energy and other important nutrients (Swiatkiewicz and Koreleski 2008). Due 
to variations in growing conditions, ethanol processing methods, and an increased 
interest in extracting oil from DDGS, the nutrient composition of DDGS from different 






inclusion rates of DDGS in poultry diets vary. Conventional DDGS can be fed at high 
inclusion rates of 15-24% of the diet without negatively impacting broiler performance 
(Min et al. 2015; Shim et al. 2011).  
Intentionally changing the processing method can enhance aspects of the nutrient 
profile in the final DDGS product, such as increased CP and metabolisable energy 
(ME). Alterations to the processing method and resulting enhancement of nutrient 
profiles have the potential to alter broiler performance and recommended inclusion rates 
of DDGS when fed to broilers (Jung and Batal 2010). To produce the high-protein (HP)-
DDGS used in this study, fiber was removed using a proprietary technique and the 
resulting feed ingredient contained ≥34% CP as-fed compared to an average of 27% CP 
content seen in conventional (CV)-DDGS from the same plant. Additional processing of 
the DDGS to remove fiber along with initial component analyses suggested improved 
AA digestibility in the final product. The intent of additional processing was to produce 
a feed ingredient that could potentially replace high-protein feed components such as 
soybean meal while simultaneously reducing the need for supplemental AA. Isocaloric 
and isonitrogenous diets were formulated to test the effects of increasing inclusion level 
of HP-DDGS at the expense of feed protein components on broiler performance. 
To evaluate the availability of the increased CP and energy content of HP-
DDGS, we used equations for N-corrected apparent metabolisable energy (AMEn) and 
standardised ileal AA digestibility (SIAAD) based on previous research (Rochell et al. 
2011, 2013). The objective of this study was to determine the effects of increasing 
inclusion of HP-DDGS on performance and to examine how the altered processing 







Materials and Methods 
Dietary Treatments 
 Performance Experimental Treatments. Conventional and HP-DDGS from the 
same producer were obtained and used for performance, AMEn, and AA digestibility 
experiments (Table 1). For the performance experiment, starter, grower, and finisher 
diets were formulated to be isonitrogenous and isocaloric within each diet for phase of 
growth (Tables 2-4). The performance experiment consisted of 4 dietary treatments 
containing 5% CV-DDGS as a control and 10, 15, and 20% HP-DDGS test diets. A 5% 
HP-DDGS diet was included in the original experimental design, but performance was 
negatively altered independently of any action of the HP-DDGS, therefore, it was 
excluded from the final analysis.  
  
 Digestibility Experimental Treatments. Diets used in the energy digestibility 
experiment consisted of an 85% complete basal diet ± sucrose control or HP-DDGS 
(Table 5). Diets used in the AA digestibility experiment consisted of a control N-free 
purified diet to measure basal endogenous AA losses and a second semi-purified test 
diet that contained HP-DDGS as the only source of protein (Table 6). All diets in the 
AA and digestibility experiments contained 0.50% titanium dioxide as an indigestible 
marker and were formulated to be adequate in energy, AA, and minerals according to 








Birds and Housing  
All animal procedures were approved by the Iowa State University Institutional 
Animal Care and Use Committee. Eight hundred and thirty-two straight run Cobb 500 
broiler chicks (Welp Hatchery, Bancroft, IA) at 1d of age were housed in 64 1.2m x 
1.2m floor pens with 13 birds per pen for a total of 42 d. The room temperature was kept 
at a maximum of 32°C for the first 7 d and was decreased by about 1°C per day until a 
final temperature of 21°C was reached by experimental d 30. The lighting schedule for 
the first 7 d was 23 h of light and 1 h of dark before being transitioned to 20 h of light 
and 4 h of dark for the remainder of the experiment. Each pen was randomly assigned to 
1 of 4 dietary treatments with a total of 16 replicates per treatment. Birds were given ad 
libitum access to mash feed and water in a round feeder and nipple waterer.  
 
Performance 
The 42-d trial was divided into a 14-d starter period, 21-d grower period, and 7-d 
finisher period. Birds were weighed as a pen at the start of the study and at the end of 
each of the 3 feeding periods. Feeders containing feed were weighed at the start of the 
study, end of each period, and every time feed was added. The body weight (BW), BW 
gain (BWG), feed intake (FI), and feed conversion ratio (FCR) per bird was then 
calculated using bird and feeder weights. Feed conversion ratio was calculated as FI per 









Nitrogen-Corrected Apparent Metabolizable Energy 
At the end of the 42 d performance study, 240 birds were selected from the 
original 832 birds and placed in 24 1.2m x 1.2m pens with 10 birds each. Birds were 
selected based on size and gender so that each pen contained 5 healthy males and 5 
healthy females of approximately the same BW (pen weight standard deviation = 
1.1kg). Half of the pens were randomly assigned to 1 of 2 energy digestibility diets for a 
total of 6 replicates per treatment. Birds were given ad libitum access to food and water 
through a round feeder and nipple waterer for 7 d. Birds were weighed at the start and 
conclusion of the 7-d period. Fresh excreta samples were collected at d7. The AMEn of 
the HP-DDGS was calculated using a previously determined equation (Rochell et al. 
2011). The total AMEn intake of each dietary treatment was calculated with 8.73 as the 
nitrogen correction factor using the following equation (Titus 1955):  
 
AME7	intake = [GE	intake − GE	excretion] − [8.73	 ×	(N	intake − N	excretion)] 
 
The AMEn for sucrose was obtained from the poultry NRC and supporting 
publications (NRC 1994; Janssen 1989). The contribution of AMEn from sucrose in the 
control diet (15.6 MJ) was subtracted from the total consumed AMEn of the control diet 
to determine the basal AMEn intake by the following equation (Hill and Anderson 
1958):  
 







The following equation was then used to calculate the AMEn of HP-DDGS 
(Rochell et al. 2011):  
 
HP − DDGS	AME7 =
(Total	AME7	intake − basal	AME7	intake)	
co − product	intake 	 
 
Amino Acid Digestibility 
 The remaining half of the 240 birds selected for the digestibility study were 
assigned to control or HP-DDGS digestibility test diets mentioned previously for 7 d. 
Housing, feeding, and watering conditions were the same as those for birds in the AMEn 
assay. Birds were weighed at the start and conclusion of the 7-d period before being 
euthanised by carbon dioxide to collect digesta from the lower half of the ileum 
identified as the section of intestine between Meckel’s diverticulum and the caecal 
junction. Digesta was removed from this section by compressing one end of the 
removed segment and moving along its length until its contents were emptied. All 
samples were pooled by pen and stored at -20°C until analysis.  
The following equation was used to determine the apparent ileal amino acid 




















Ileal endogenous AA (IEAA) flow in birds fed the nitrogen-free control diet was 
calculated by using the following equation (Moughan et al. 1992):  
 




AIAAD coefficients were standardised by the IEAA flows to determine the 
standardised ileal AA digestibility (SIAAD) using the following equation (Adedokun et 
al. 2007):  
 
SIAAD = AIAAD + {
IEAA	Flow	(g	per	kg	DMI)
Dietary	AA	content	(g	per	kg	DMI)~ 	× 	100 
 
Sample Analysis 
After collection, all samples were stored at -20°C until analysis. Diet, digesta, 
and excreta samples were dried in a 60°C oven (Fisher Scientific, Pittsburgh, PA) and 
ground through a 1mm screen (Arthur H. Thomas Company, Philadelphia, PA) prior to 
analysis. Analyses for DM (AOAC method 930.15), CP (AOAC method 990.03), crude 
fat (AOAC method 2003.06), and gross energy (GE) were conducted on all the diets 
from the performance and digestibility experiments. Diets from the energy and AA 
digestibility experiments were also analysed for titanium dioxide concentration using a 
previously described method (Leone 1973). Additionally, the amino acid profile was 
analysed for the diet with HP-DDGS as the sole source of crude protein. Excreta 






was analysed using a Parr 6200 bomb calorimeter, Parr Instrument Company, Moline, 
IL), CP, and titanium dioxide concentration. Digesta and excreta samples from the birds 
fed the N-free and AA digestibility diets were analysed for DM, CP, AA profile, and 
titanium dioxide concentration. All AA profiles were analysed at a commercial 
laboratory (University of Missouri Agriculture Experiment Station Chemical 
Laboratories; Columbia, Missouri). 
  
Statistical Analysis  
Performance measurements were analysed using the GLM procedure in SAS 9.4 
(SAS Institute Inc., Cary, NC). The LSMeans statement with the PDIFF option was 
used to calculate mean values with an α-value of P < 0.05 used to determine 
significance among means. Means were separated using the MEANS statement with the 
LINES TUKEY option. An additional non-orthogonal contrast was performed to 
determine differences between the 5% CV-DDGS diet and all three HP-DDGS 
treatments. The effects of HP-DDGS inclusion on performance were analyzed by 




As expected, HP-DDGS contained a greater concentration of CP and most AA 
compared to the conventional-DDGS. In addition, the HP-DDGS contained slightly less 
crude fat and slightly greater crude fiber than the conventional-DDGS, but the estimated 






were no significant differences in the BW of the birds (Table 7). During the starter 
period (d 0 to 14), birds fed the 15% HP-DDGS diet had a 10.3% lower BW (P < 
0.0001), 8.8% reduction in BWG (P < 0.0001), and 9.4% less efficient FCR than birds 
fed the control diets (P < 0.0001). There was a 3.8% decrease in FI between birds fed 
the 20% HP-DDGS and 15% HP-DDGS diets (P = 0.005; Table 7).  
During the grower period (d 14 to 35), birds fed the 15% HP-DDGS diet had a 4.0% 
lower BW compared to control (P < 0.0001) but did not differ in BWG or FI. The FCR 
was 1.8% less efficient than the control, but not different than the 10% HP-DDGS diet, 
indicating that birds fed 15% HP-DDGS may have recovered from the reduced 
performance observed in the starter period. Compared to the control, birds fed the 20% 
HP-DDGS diet had a 6.0% less efficient FCR (P < 0.0001).  
During the finisher period (d 35 to 42), birds fed the 15 and 20% HP-DDGS diets 
had a 5.2 and 4.4% lower BW, respectively, compared to control (P < 0.0001). Birds fed 
the 15% HP-DDGS diet had a 4.6% reduced FI compared to control (P = 0.02), while 
the FI of birds fed 20% HP-DDGS was not different than any other group (P > 0.05). 
There were not any differences noted in FCR between birds fed the different dietary 
treatments during the finisher period. 
Overall (d 0 to 42), birds fed the 15 and 20% HP-DDGS diets had a 4.9 and 4.2% 
reduced BWG, respectively, compared to control (P < 0.0001). Throughout the three 
feeding periods there were differences in BW, BWG, and FI, but negative effects on 
FCR for the entire 42-d performance trial that were only observed in birds fed diets 
containing 15 and 20% HP-DDGS. Birds fed the 15 and 20% HP-DDGS diet had a 3.0 






and quadratic effects of HP-DDGS inclusion on performance parameters are shown in 
Table 7.  
 
AMEn and Amino Acid Digestibility 
 The HP-DDGS used in this study had a determined AMEn of HP-DDGS of 11.4 
± 0.7 MJ/kg (Table 8). The determined AMEn, SIAAD, and endogenous losses of each 




The performance results indicate that HP-DDGS can be fed at inclusion rates of up 
to 10% of the diet without negative impacts or addition of supplemental single amino 
acids. This is in contrast with another study that reported negative impacts of HP-DDGS 
on overall performance after 20 days at inclusion rates greater than 6% of the diet (Jung 
and Batal 2010). The discrepancy between results may be due to differences in the age 
of the birds and nutrient composition of HP-DDGS utilised. 
While overall performance was negatively impacted by HP-DDGS in the study by 
Jung and Batal (2010), they did not observe changes to BWG in the 7-day starter period 
at inclusion rates of 12%. This is in contrast to the reduced performances observed at 
high inclusion rates in the starter period of this study. In the current experiment, caking 
of the HP-DDGS in the diet can partially explain changes to bird performance during 
the starter period, which was ameliorated by further grinding the HP-DDGS prior to 






diets as a result of the HP-DDGS caking resulted in sorting of feed by the chicks and 
therefore may have unintentionally altered performance in the starter period. Overall 
reductions in efficiency may partially be explained as carryover from reduced 
performance during the starter period, where chicks build skeletal structure to 
accommodate muscle growth during the grower period. This is supported by the 
observation that performance differences due to higher HP-DDGS inclusion rates 
reduced over time (Table 7).  
Differences in the AA profile of the test diets could further elucidate the 
discrepancies in performance that were observed with increasing the inclusion rate of 
HP-DDGS. The HP-DDGS product was produced with a proprietary method that 
removed fiber, and therefore assumed higher protein availability and digestibility. The 
aim for the potential feedstuff was to replace several feed protein components with a 
more concentrated, digestible ingredient; therefore, all research diets in the current study 
were formulated as simply as possible, and balanced based on total CP and energy for 
each growth stage. The AA profiles of the diets changed as higher levels of HP-DDGS 
displaced soybean meal and corn with the assumption of improved digestibility of HP-
DDGS. The percentage of two essential AA in poultry diets, Lys and Arg, were altered 
as HP-DDGS inclusion increased. Unlike Lys, Arg is not a limiting AA in corn and 
soybean meal-based diets. The soybean meal used in this study contained 3.0% Lys 
compared to 1.2, 0.7 and 0.2% in HP-DDGS, CV-DDGS, and corn, respectively. In 
contrast, soybean meal contains 3.6% Arg, HP-DDGS and CV-DDGS contain 1.1%, 
and corn contains 0.86% Arg. As HP-DDGS concentration in the diets increased, the 






resulting in an overall decrease in Lys and Arg. The overall effect is that diets with a 
higher inclusion of HP-DDGS had a diminished AA profile compared to diets with CV-
DDGS or a lower inclusion of HP-DDGS.  
The NRC (1994) suggests a range of 0.85 to 1.10% for total Lys as being acceptable 
for 0 to 6wk-old broilers. The Cobb breeder recommendation suggests that starter, 
grower, and finisher diets contain 1.18%, 1.05, and 0.95% digestible Lys, respectively. 
The 20% HP-DDGS diet was calculated to contain 1.12, 0.96 and 0.86% digestible Lys, 
respectively, so diets were within NRC recommendations and within 0.06-0.09% of 
Cobb 500 recommendations. Arginine was affected to a greater degree than Lys at 
higher inclusion rates of HP-DDGS (15 and 20%, respectively) because no 
supplemental Arg was added to the diet. It is important to note that Arg is not 
economical to supplement. Recommended digestible Arg in starter, grower, and finisher 
diets is suggested to be 1.24, 1.10, and 1.03%, respectively (Cobb 500 2015) and the 
NRC (1994) states 1.0 to 1.25% total Arg as being acceptable for 0 to 6wk-old broilers. 
In the current study, the 15 and 20% HP-DDGS diets in the starter period contained 1.08 
and 1.01% digestible Arg, grower diets contained 0.97 and 0.91%, and finisher diets 
contained 0.90 and 0.84%, respectively. The experimental diets could have been 
formulated to contain increased amounts of supplemental Lys and Arg as HP-DDGS 
concentration increased in the diet; however, preliminary analyses and digestibility 
values suggested an increased digestibility and content of both lysine and arginine in 
HP-DDGS. Therefore, this experiment was designed to determine if this different 
DDGS production process could result in a product to replace both SBM and 






FI in response to textural changes brought about by fiber removal. Results suggest the 
need to supplement AA as dietary concentrations of HP-DDGS exceed 10%. 
Consequently, the experimental diet formulation used herein highlights the need for 
accurate analysis with new feed ingredients. For practical diet formulation with higher 
inclusion rates of HP-DDGS, AA deficiencies can be easily corrected by adding 
supplemental AA.  
 
Determined AMEn 
Previous work reported the average AMEn of 6 sources of DDGS as 11.2 MJ/kg 
ranging from 9.0 to 13.0 MJ/kg (Rochell et al. 2011). Analysis of reduced-oil DDGS 
from 15 sources reported an average AMEn of 9.7 MJ/kg ranging from 7.8 to 11.8 
MJ/kg (Meloche et al. 2013). Reported values from 15 sources of CV-DDGS have an 
average of 11.6 MJ/kg with a range of 8.3 to 15.2 MJ/kg (Meloche et al. 2014).  Rochell 
et al. (2011) reported the AMEn of two sources of HP-DDGS as 11.3 and 12.3 MJ/kg. 
The HP-DDGS used in this study had an average AMEn that is greater than value for 
CV-DDGS published by Meloche et al. (2013), but similar to values reported by 
Rochell et al. (2011) and Meloche et al. (2014). The determined AMEn of the HP-DDGS 
used in this study is lower than that of other HP-DDGS, but falls within published 
ranges for CV-DDGS (Rochell et al. 2011; Meloche et al. 2013, 2014). Nutrient 
composition of DDGS varies across different sources and this discrepancy would likely 
explain the differences in AMEn of DDGS as a result of different processing methods 
and total amount of oil removed from the original DDGS product (Swiatkiewicz and 







Amino Acid Digestibility 
Comparisons between the SIAAD of HP-DDGS used in this study and the AA 
digestibilities of corn and other corn-products in published literature are represented in 
Table 9. Published reports using the same method to measure SIAAD typically freeze-
dry digesta to avoid damage or irreversible binding of AA by the high temperatures used 
during oven-drying. Results published by Dale et al. (1985) report that both drying 
methods lead to similar results in AMEn and AA availability assays, suggesting that 
oven-drying the digesta did not influence the SIAAD results in this study.  
Notably, the determined SIAAD of Lys at 80.9% is much higher than reported 
values of 58.3% SIAAD and 69.6% digestibility in CV-DDGS by Adedokun et al. 
(2015) and Batal and Dale (2006), respectively. It was also greater than the 73.0% 
SIAAD and 73.9% digestibility in HP-DDG reported by Applegate et al. (2009) and 
Kim et al. (2008), respectively. Additionally, the SIAAD of indispensable AA such as 
Met at 88.6%, Arg at 90.3%, Thr at 81.20%, and Val at 85.5% were greater than values 
reported for CV-DDGS (Batal and Dale 2006; Adedokun et al. 2015) and HP-DDG 
(Kim et al. 2008; Applegate et al. 2009). While Arg showed increased digestibility 
compared to traditional DDGS, the performance experiment determined a need to add 
supplemental Arg beyond 10% dietary HP-DDGS. In most cases, the HP-DDGS 
analysed in this study had better or similar SIAAD or percent digestibilities compared to 
varying sources of CV-DDGS and HP-DDG reported elsewhere. With the exception of 






instances where the reported value was higher than what was determined for HP-DDGS 
in this study were observed in dispensable AA (Table 9).  
The addition of solubles in later stages of DDGS production is unregulated and 
inconsistent, resulting in varying AA digestibilities between DDGS sources and lower 
AA digestibilities compared to DDG observed in both swine and poultry models 
(Adeola and Ragland 2016; Kim et al. 2011). Differences observed between the HP-
DDGS used in this study and reported values for HP-DDG may be due to the addition of 
solubles in the HP-DDGS or the production process and starting materials. Interestingly, 
the HP-DDGS in this study had greater SIAAD- in most cases- compared to HP-DDG 
with a greater CP content. Kim et al. (2008) utilised HP-DDG with 44.1% CP, while the 
HP-DDG used by Applegate et al. (2009) contained 54% CP. These results indicate that 
the HP-DDGS used in this study contain more digestible AA and may be used to reduce 
supplemental AA in broiler diets, but also emphasise the high degree of variation in 
nutrient composition of DDGS from different sources and manufacturing processes. 
 Compared to whole corn grain, the AA in CV-DDGS are typically concentrated 
approximately 3-fold. The AA profile of corn contains, on average, 0.2% Lys and 0.2% 
Met, while CV-DDGS contain 0.7% Lys and 0.5% Met. The HP-DDGS used in this study 
had an AA profile containing 1.2% Lys and 0.7% Met, as fed (Table 1). The 
concentrations of Lys and Met in CV-DDGS were 0.5% and 0.2% lower, respectively, 
than the concentrations of Lys and Met in HP-DDGS. Published values in by Adedokun 
et al. (2015) listed the SIAAD of Lys and Met in three sources of corn as an average of 
92.4 and 95.0%, respectively (Table 9). It is important to note that corn contains less Lys 






same AA from five sources of CV-DDGS was at an average of 58.3% for Lys and 81.7% 
for Met (Adedokun et al. 2015). In comparison to reported values, Lys in corn was 11.5% 
more digestible than Lys in HP-DDGS, but the Lys in CV-DDGS was 22.6% less 
digestible than Lys in HP-DDGS. High protein DDGS contained 6.4% less digestible Met 
than corn but contained 6.9% more digestible Met than DDGS.  
The results of the current study provide insight into the viability of HP-DDGS as 
an ingredient in broiler diets. Producers wishing to use HP-DDGS or other new DDGS 
products in their practical diets must consider diet cost and AA tradeoffs. Inclusion rates 
of the HP-DDGS used in this study above 10% may benefit from supplementation of 
Lys and Arg through synthetic sources or soybean meal inclusion rates. From an 
engineering and function standpoint, the quality of a product formed by new processing 
and drying methods must not alter the textural properties of the diet in which it is 
incorporated in such a way that birds can sort feed. This behavior can lead to 
unintentionally reduced performance. Feeding HP-DDGS at levels at or below 10% 
could reduce the need for supplemental AA in broiler diets due to the increased 
concentration of Lys and Met in HP-DDGS versus CV-DDGS and corn in addition to 
the high digestibility of indispensable and limiting AA.   
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Table 1. Composition of HP- and CV-DDGS used in performance, AA 
digestibility, and ME experiments, as-fed basis 
Item, g/kg1 HP-DDGS2 CV-DDGS2,3 
DM 831.0 898.0 
Crude fat 79.1 96.3 
Crude fiber 83.5 78.5 
CP 341.0 271.0 
Arg 14.9 11.0 
Cys 5.8 4.5 
Gly 12.5 6.0 
His 8.8 06.2 
Iso 12.6 11.5 
Leu 43.2 24.0 
Lys 11.6 7.0 
Met 7.4 5.0 
Phe 15.7 13.5 
Ser 16.0 13.0 
Thr 13.1 9.3 
Trp 3.0 2.0 
Tyr 13.4 8.0 
Val 16.0 14.0 
Poultry ME, MJ/kg 11.0 11.0 
1 Analysed by Midwest Laboratories, Omaha, NE 
2 HP-DDGS = high protein DDGS; CV-DDGS=conventional DDGS 
3 CV-DDGS included at 5% of the diet in performance experiment; HP-DDGS 
included at 10, 15, and 20% of diets used in the performance experiment and 
15% for AA digestibility and ME experiments. HP-DDGS were the sole AA 






















Table 2. Composition of experimental starter diets fed to Cobb 500 broiler chickens from d 1 to 14. 










Corn 589.3 577.4 557.9 538.3 
Soybean meal, 480.0 g/kg CP 300.0 260.0 227.5 195.0 
Soybean oil 11.5 12.7 14.6 16.6 
Salt 3.3 3.4 3.4 3.3 
DL-Met 4.0 4.0 4.0 4.0 
L-Lys•HCl 5.0 5.0 5.0 5.0 
L-Thr 1.5 1.5 1.5 1.5 
Limestone 10.2 9.8 10.1 10.3 
Dicalcium phosphate 17.8 18.8 18.7 18.7 
Choline chloride-60 1.0 1.0 1.0 1.0 
Vitamin-mineral premix2 6.3 6.3 6.3 6.3 
Calculated Values, g/kg         
Crude fat  43.2 46.2 50.8 55.5 
CP 215.2 215.5 215.3 215.0 
Digestible Lys 13.2 12.4 11.8 11.2 
Digestible Met 6.6 6.5 6.5 6.5 
Digestible Arg 12.2 11.4 10.8 10.1 
Digestible Thr 8.5 08.2 8.0 7.8 
ME (MJ/kg) 12.6 12.6 12.6 12.6 
Analysed Values, g/kg         
Moisture 123.0 126.4 127.3 127.4 
DM  877.0 873.6 872.7 872.6 
Crude fat  35.2 38.0 47.1 31.8 
CP 220.1 206.2 197.6 229.8 
GE, MJ/kg  15.9 16.1 16.1 16.5 
1HP-DDGS= high protein DDGS (341.0% CP as fed); CV-DDGS= conventional DDGS (271.0% CP as 
fed). 
2Vitamin and mineral premix provided per kg of diet: selenium 250 μg; retinyl acetate (vitamin A) 2.8 
mg; cholecalciferol (vitamin D3) 68.8 μg; a-tocopherol acetate (vitamin E) 13.2 mg; menadione 1.1 mg; 
vitamin B12 12 μg; biotin 41 μg; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg; pantothenic acid 11 
mg; pyridoxine 1.1 mg; riboflavin 5.5 mg; thiamine 1.4 mg; iron 282 mg; magnesium 125 mg; manganese 






Table 3. Composition of experimental grower diets fed to Cobb 500 broiler chicks from d15 to 35. 










Corn 629.5 580.0 560.0 540.0 
Soybean meal, 480.0 g/kg CP 260.0 225.0 195.0 162.5 
Soybean oil 20.0 35.0 35.0 38.9 
Salt 3.3 4.7 4.7 3.3 
DL-Met 3.0 3.0 3.0 3.0 
L-Lys•HCl 4.0 4.0 4.0 4.0 
L-Thr 1.0 1.0 1.0 1.0 
Limestone 3.9 20.0 20.0 20.0 
Dicalcium phosphate 18.0 20.0 20.0 20.0 
Choline chloride-60 1.0 1.0 1.0 1.0 
Vitamin-mineral premix2 6.3 6.3 6.3 6.3 
Calculated Values, g/kg         
Crude fat  52.2 67.2 70.0 76.4 
CP 197.5 197.3 198.2 198.0 
Digestible Lys 11.5 10.8 10.2 9.6 
Digestible Met 5.5 5.4 5.4 5.4 
Digestible Arg 11.1 10.3 9.7 9.1 
Digestible Thr 7.5 7.2 7.0 6.8 
ME (MJ/kg) 13.4 13.4 13.3 13.3 
Analysed Values, g/kg          
Moisture 123.0 123.0 123.4 124.1 
DM  877.0 877.0 876.6 875.9 
Crude fat  42.3 45.3 51.5 55.5 
CP 203.0 205.2 200.3 203.8 
GE, MJ/kg  16.5 16.1 16.5 16.5 
1HP-DDGS= high protein DDGS (341.0 g/kg CP as fed), CV-DDGS= conventional DDGS (271.0 g/kg 
CP as fed). 
2Vitamin and mineral premix provided per kg of diet: selenium 250 μg; retinyl acetate (vitamin A) 2.8 
mg; cholecalciferol (vitamin D3) 68.8 μg; a-tocopherol acetate (vitamin E) 13.2 mg; menadione 1.1 mg; 
vitamin B12 12 μg; biotin 41 μg; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg; pantothenic acid 11 
mg; pyridoxine 1.1 mg; riboflavin 5.5 mg; thiamine 1.4 mg; iron 282 mg; magnesium 125 mg; manganese 






Table 4. Composition of experimental finisher diets fed to Cobb 500 broiler chickens from d 36 to 42. 










Corn 636.5 629.4 610.8 591.9 
Soybean meal, 480.0 g/kg CP 240.0 197.7 166.3 134.2 
Soybean oil 35.0 35.0 35.0 35.0 
Salt 3.1 3.1 3.1 3.1 
DL-Met 2.5 2.5 2.5 2.5 
L-Lys•HCl 3.5 3.5 3.5 3.5 
L-Thr 0.5 0.5 0.5 0.5 
Limestone 7.0 8.0 8.0 9.0 
Dicalcium phosphate 14.6 13.0 13.0 13.0 
Choline chloride-60 1.0 1.0 1.0 1.0 
Vitamin-mineral premix2 6.3 6.3 6.3 6.3 
Calculated Values, g/kg         
Crude fat  66.5 68.8 71.7 74.5 
CP 187.5 187.1 187.5 187.5 
Digestible Lys 10.6 9.8 9.2 8.6 
Digestible Met 4.9 4.9 4.9 4.9 
Digestible Arg 10.4 9.6 9.0 8.4 
Digestible Thr 6.7 6.4 6.2 6.0 
ME (MJ/kg) 13.0 13.0 13.0 13.0 
Analysed Values, g/kg          
Moisture 122.9 122.4 124.3 124.8 
DM  877.1 877.6 875.7 875.2 
Crude fat  32.6 51.9 53.4 54.1 
CP 197.0 194.7 188.3 189.0 
GE, MJ/kg  16.4 16.6 16.6 17.0 
1HP-DDGS= high protein DDGS (341.0 g/kg CP as fed), CV-DDGS= conventional DDGS (271.0 g/kg 
CP as fed). 
2Vitamin and mineral premix provided per kg of diet: selenium 250 μg; retinyl acetate (vitamin A) 2.8 
mg; cholecalciferol (vitamin D3) 68.8 μg; a-tocopherol acetate (vitamin E) 13.2 mg; menadione 1.1 mg; 
vitamin B12 12 μg; biotin 41 μg; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg; pantothenic acid 11 
mg; pyridoxine 1.1 mg; riboflavin 5.5 mg; thiamine 1.4 mg; iron 282 mg; magnesium 125 mg; manganese 






Table 5. Composition of experimental diets1 fed to Cobb 500 broilers for 7 consecutive days to determine 
the energy digestibility of HP-DDGS2 (d 43 to 49). 
Ingredients Basal diet, g/kg 
Corn 626.3 




Dicalcium phosphate 17.2 
Vitamin-mineral premix3 6.3 
Titanium dioxide 5.0 
  Experimental diets, g/kg 
Basal 850.0 850.0 
Sucrose 150.0 0.0 
HP-DDGS 0.0 150.0 
Analysed values, g/kg     
Moisture  108.4 127.2 
DM 891.6 872.8 
Crude fat 17.7 33.6 
CP  157.6 217.2 
GE, MJ/kg 15.6 16.1 
Titanium dioxide 5.2 5.1 
1Experimental diets used an 85% complete basal diet ± sucrose or HP-DDGS 
2HP-DDGS= high protein DDGS (34.1% CP as fed) 
3Vitamin and mineral premix provided per kg of diet: selenium 250 μg; retinyl acetate (vitamin A) 2.8 
mg; cholecalciferol (vitamin D3) 68.8 μg; a-tocopherol acetate (vitamin E) 13.2 mg; menadione 1.1 mg; 
vitamin B12 12 μg; biotin 41 μg; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg; pantothenic acid 11 
mg; pyridoxine 1.1 mg; riboflavin 5.5 mg; thiamine 1.4 mg; iron 282 mg; magnesium 125 mg; manganese 














Table 6. Composition of experimental diets fed to Cobb 500 broilers for 7 consecutive days to determine 
the amino acid digestibility of HP-DDGS (d 43 to 49). 
  Experimental Diets, g/kg 
Ingredient N-Free Control HP-DDGS Test 
HP-DDGS 0.0 542.0 
Sucrose 385.3 291.8 
Soybean oil 50.0 50.0 
Magnesium oxide 1.5 1.5 
Potassium chloride 3.4 4.0 
Potassium sulfate 8.0 6.0 
Sodium bicarbonate 8.4 1.2 
Limestone 9.0 5.0 
Defluorinated phosphate 18.5 18.5 
Choline chloride-60 2.5 2.5 
Vitamin-mineral premix2 7.5 7.5 
Corn Starch 450.9 15.0 
Solka Floc 50.0 50.0 
Titanium dioxide 5.0 5.0 
Analysed Values, g/kg     
Moisture 52.8 86.1 
DM 947.2 913.9 
Crude fat  15.2 55.0 
CP 0.0 208.0 
GE, MJ/kg 15.4 18.2 
Titanium dioxide 5.0 5.9 
1 HP-DDGS= high protein DDGS (34.1% CP as fed) 
2Vitamin and mineral premix provided per kg of diet: selenium 250 μg; retinyl acetate (vitamin A) 2.8 
mg; cholecalciferol (vitamin D3) 18.8 μg; a-tocopherol acetate (vitamin E) 13.2 mg; menadione 1.1 mg; 
vitamin B12 12 μg; biotin 41 μg; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg; pantothenic acid 11 
mg; pyridoxine 1.1 mg; riboflavin 5.5 mg; thiamine 1.4 mg; iron 282 mg; magnesium 125 mg; manganese 








Table 7. Performance of Cobb 500 broiler chickens1 on a per bird basis fed increasing concentrations of HP-DDGS2 for 42 consecutive days (d 0 to 42) 
1
Experimental diets were divided into a starter phase (14 d), grower phase (21 d) and finisher phase (7 d) for a total of 42 d. Broilers were fed a CV-DDGS diet (conventional DDGS) and three different 
test diets with increasing concentration of HP-DDGS (10%, 15%, and 20%). Control and dietary treatments contained 208 broilers each with 16 replicates. 
2
 HP-DDGS= High Protein DDGS; crude protein=34.1% as fed. 
3
 Model significant (P < 0.0001) 
4
 Contrast performed to determine difference between the 5% CV-DDGS diet and all 3 HP-DDGS diets; C v. HP
4 
= Conventional vs. HP-DDGS ‘-3 1 1 1’  
5
Orthogonal contrasts were performed to assess the effect of HP-DDGS inclusion on bird performance. Comparisons were made between 10, 15, and 20% HP-DDGS treatments; L = Linear ‘-1 0 1’; Q = 
Quadratic ‘-1 2 -1’  
6
 Least square means with differing superscripts are significantly different within a row (P<0.05) 
7
 Abbreviations: BW= body weight; FI= feed intake; BWG= body weight gain; FCR= feed conversion ratio (kg intake/kg gain)
  Experimental Diets1 Statistics 
 
    
Mean Comparison Contrasts 
Outcome 










D 0 BW, g 37.93 37.74 37.40 37.48 0.122 0.25 0.10 0.33 0.36 
Starter, d 0 to146     



































 0.032 < 0.0001 <0.0001 <0.0001 <0.0001 
Grower, d 14 to 35     



































 0.023 < 0.0001 <0.0001 <0.0001 0.08 
Finisher, d 35 to 42      


























 0.014 0.02 0.05 0.18 0.05 
FCR 1.86 1.86 1.91 1.94 0.02 0.08 0.11 0.03 0.78 




































Table 8. Standard ileal amino acid digestibility (SIAAD)1, ileal endogenous AA losses (IEAA), 
and AMEn4 of HP-DDGS. 
AA SIAAD, %2 IEAA, mg/kg DMI3 
Indispensable amino acids 
Arg 90.32 ± 2.830 213.47 
His 85.79 ± 4.996 153.61 
Ile 84.27 ± 3.719 411.70 
Leu 90.41 ± 1.787 596.20 
Lys 80.89 ± 2.002 415.32 
Met 88.59 ± 3.616 113.15 
Phe 88.26 ± 2.781 347.12 
Thr 81.20 ± 4.238 623.67 
Val 85.50 ± 4.212 744.76 
Dispensable amino acids 
Asp 82.13 ± 4.501 789.14 
Ser 87.49 ± 2.431 482.07 
Glu 89.78 ± 1.570 1,048.99 
Pro 81.99 ± 1.761 598.80 
Ala 86.48 ± 3.053 577.44 
Cys 80.56 ± 3.575 264.39 
Tyr 84.27 ± 3.355 202.73 
Trp 82.44 ± 3.457 68.17 
AMEn4(MJ/kg) 11.4±0.7  
1Standard ileal amino acid digestibility determined by digesta collected after a 7-day adaptation 
period (d 43 to 49) and calculated by determining apparent ileal AA digestibility and 
standardising by basal endogenous AA losses from birds fed a N-free diet 
2SIAAD presented as average SIAAD of 4 replicate cages ± standard error 
3Ileal endogenous AA losses (IEAA) determined by digesta collected from birds fed a N-free diet 
after a 7-day adaptation periods (d 43 to 49); IEAA presented as average of pooled digesta from 6 
replicate cages  
4AMEn determined by excreta collected following a 7-day adaptation period (d 43 to 49) and 
calculated by determining total AMEn intake for all treatments, AMEn contribution from glucose, 
and basal diet AMEn before subtracting basal diet AMEn from the total AMEn intake of birds fed 
an experimental diet with HP-DDGS. AMEn presented as average AMEn of 6 replicate cages ± 



















Table 9. Comparison of standard ileal amino acid digestibility (SIAAD) of corn, DDGS, and HP-
DDGS 





(Adedokun et al. 
2015)2 
CV-DDGS 













Indispensable amino acids 
Arg 95.67 79.18 84.10 81.31 88.10 90.32 
His 91.43 73.82 84.10 77.20 79.80 85.79 
Ile 95.27 73.00 83.30 78.11 85.00 84.27 
Leu 96.10 84.38 88.60 81.02 91.20 90.41 
Lys 92.40 58.32 69.60 73.00 73.90 80.89 
Met 94.97 81.66 86.80 84.93 84.40 88.59 
Phe 103.30 80.34 87.50 80.94 88.10 88.26 
Thr 89.83 65.68 74.50 73.02 78.60 81.20 
Val 93.33 72.62 79.50 75.76 83.50 85.50 
Dispensable amino acids 
Asp 93.60 66.50 74.80 71.45 77.10 82.13 
Ser 94.67 75.15 81.90 79.79 84.50 87.49 
Glu 96.60 83.82 83.30 80.93 88.10 89.78 
Pro 92.27 77.16 83.50 79.34 87.90 81.99 
Ala 94.70 81.34 82.80 80.64 87.10 86.48 
Cys 93.50 74.78 73.90 76.77 81.30 80.56 
Tyr ND ND 87.90 82.56 89.90 84.27 
Trp ND ND 82.80 79.58 90.90 82.44 
 
1 Average SIAAD from 3 different sources of corn fed to 21-day-old Ross 708 broilers from 
Table 5 of Adedokun et al. (2015) 
2Average SIAAD from 5 different sources of CV-DDGS fed to 21-day-old Ross 708 broilers 
from Table 4 of Adedokun et al. (2015) 
3Average percent digestibility (as fed) of the AA from 8 sources of CV-DDGS fed to 
cecectomised Single Comb White Leghorn roosters from Table 3 of Batal and Dale (2006) 
4 Average SIAAD of HP-DDG (54.0% CP) fed to 22-day-old Ross ´ Ross 308 broilers from 
Table 4 of Applegate et al. (2009) 
5 Average percent digestibility of the AA in HP-DDG (44.1%CP) fed to 5 cecectomised Single 
Comb White Leghorn roosters from Table 6 of Kim et al. (2008) 
6Standard ileal amino acid digestibility determined by digesta collected after a 7-day adaptation 
period (d 43 to 49) and calculated by determining apparent ileal AA digestibility and 
standardising by basal endogenous amino acid losses from birds fed a N-free diet; SIAAD 
presented as average SIAAD of 4 replicate cages  
Abbreviations: ND = No data 
 
 
